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SUMMARY
The subject of this thesis is the enzyme diamine oxidase and 
four main topics are discussed: ( 1 ) oxidation of diamines using 
d iam ine oxidase; (2) inh ib ition  o f d iam ine ox idase; (3) 
stereochem istry and regiochem istry o f the reactions catalysed 
by diamine oxidase; and (4) applications of diamine oxidase.
(1) Oxidation of diamines using diamine oxidase. Diamine 
oxidase catalyses the oxidative deam ination o f diam ines to 
their corresponding am inoaldehydes (Scheme A).
H 2 N (C H 2 ) nN H 2 + H 20  + 0 2
Diamine Oxidase
'f
H 2 N (C H 2) n. 1C H O  + H 2 0 2 + N H 3
Scheme A n = 4 (i) n = 5 (ii)
Putrescine (i) and cadaverine (ii) are the best substrates 
o f  d ia m in e  o x id a se . A -A lk y lp u tre s c in e s  and  C- 
alkylcadaverines were synthesised and tested as substrates of 
diam ine oxidase using an im proved spectrophotom etric assay. 
The assay involves the m easurem ent of the hydrogen peroxide 
produced as a by-product of the enzymic reaction. From this 
assay Km and Vmax values were obtained for the oxidation of 
these substrates using diamine oxidase. The Km is a measure of 
the strength of the enzym e-substrate complex and determ ines 
the binding efficiency of the substrate to the enzyme. The 
Vmax is the m axim al rate and is related to the turnover
num ber o f an enzym e. A nalysis o f these results provided 
information on the steric constraints of the active site.
A lso stud ied  w ere a,io-diam ines w ith chain  lengths 
varying from two to twelve. Analysis o f these results showed 
that the best binding (low est Km value) was observed with 
diamines with chain lengths from five to seven and the highest 
Vmax value was obtained with cadaverine (ii) as the substrate 
(chain length five). These results suggest that formation of a 
cyclic diam ine interm ediate with the enzym e is essential for 
recognition and catalysis.
(2) Inh ib ition  o f d iam ine ox idase . T he ox ida tive  
deam ination of diamines by diam ine oxidase is a key step in 
polyam ine metabolism. Polyam ines are known to be essential 
for cell growth and replication. Inhibitors o f the reaction 
catalysed by diamine oxidase should have a considerable effect 
on the polyamine metabolism and therefore on cell growth.
S ubstra te  analogues [eg 3 ,3 -d im ethy lcadaverine  (iii)] 
were exam ined as inhibitors o f diam ine oxidase. Compounds 
resem bling substrates although with no prim ary am ine groups 
present [eg l , 6 -6 /s(A -piperidyl)hexane (iv)] were also tested as 
inhib itors. These tests w ere carried  out using the same 
spectrophotom etric assay as before. M ost o f the com pounds 
did inhibit the diam ine oxidase catalysed reaction and were 
shown to be com petitive inhibitors. Kj values were obtained 
for the compounds tested as inhibitors.
h 2n
h 3c . c h 3
n h 2
(iii) (iv)
(3) S tereochem istry and regiochem istrv of the reaction 
cata lysed  by diam ine oxidase. T he stereochem istry  and 
regiochem istry of most enzymic reactions are controlled. As 
not a great deal is known about the stereochem istry  or
reg iochem istry  o f the ox ida tive  deam ination  o f d iam ines 
catalysed by diamine oxidase studies were carried out to find 
out more.
A nalysis o f the products o f the reaction  w ith C-
alkylcadaverines was perform ed to determ ine any selectivity  
from the reactions. Isolation o f the products was achieved by 
trapping the im ines from the enzym ic reaction using 3,4- 
dim ethoxybenzoylacetic acid (v).
The compounds examined for selectivity in the diam ine 
oxidase catalysed oxidation were (a) 3-m ethylcadaverine; (b)
2-m ethylcadaverine; and (c) 3-phenylcadaverine. W ith the 
first two selectivity does occur although it is not yet clear if
this is due to the enzyme catalysed reaction or the second
reaction  involving the coupling w ith the p-keto acid (v). 
S u rp r is in g ly ,  no p ro d u c t w as o b ta in e d  w ith  3- 
p h e n y lc a d a v e r in e .
(4) Applications o f diamine oxidase. Enzymes can often 
be used to catalyse reactions which are difficult to carry out by
other m ethods. The main advantages of using enzymes in
synthesis are the mildness o f the reaction conditions and also 
the possible control o f the stereochem istry and regiochemistry.
Diam ine oxidase catalyses the oxidation of diam ines to 
their corresponding am inoaldehydes for which there are no 
chem ically convenient m ethods. Therefore the use o f this 
enzyme in synthesis could be very favourable.
The alkaloid, cryptopleurine (vi), has been synthesised 
using diam ine oxidase in a key step. Cryptopleurine (vi) has 
known an ti-cancer activity . O xidation o f cadaverine using 
d iam in e  o x id a se  and su b se q u e n t co u p lin g  to 3 ,4 - 
dim ethoxybenzoylacetic acid (v) formed an interm ediate in the 
synthesis o f cryptopleurine (vi). Using C-alkylcadaverines and 
follow ing the sam e procedure, a num ber o f in term ediate  
analogues o f cryptopleurine were form ed. These alkalo id  
analogues when made may also possess interesting biological 
ac tiv ity .
UCH
COjH
(v) (v i)
The pyrrolizidine alkaloid, trachelantham idine (viii), was 
also synthesised using diamine oxidase. Oxidative deamination 
of hom ospermidine (vii) and subsequent reduction of the likely 
product, 1 -form ylpyrrolizidine produced the alkaloid (viii).
(v iii)
NH
NH
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1CH A PTER 1 
INTRODUCTION
- •» .
1.1 T he  Im p o rta n c e  of E nzym es in O rg an ic  S yn thesis
The use o f enzym es in organic synthesis is o f increasing 
importance. The main advantages of using enzymes in organic 
synthesis are the mildness o f reaction conditions together with 
the possib le  control o f stereochem istry  and regiochem istry . 
Use o f enzymes can provide methods for the preparation of 
optically active compounds. This is of particular importance in 
drug m anufacture w here only one enantiom eric form o f a 
chiral drug usually possesses the desired biological activity. 
W ork in the past has mainly been concerned with hydrolases 
and  o x id o re d u c ta s e s , 1 b u t o th e r  en zy m es  c a ta ly s e  
tran sfo rm atio n s  th a t are d iff ic u lt to ach ieve by know n 
synthetic methods. Diamine oxidases (DAO, EC 1.4.3.6 ) catalyse 
the oxidative deam ination of a range o f prim ary diam ines to 
the corresponding am inoaldehydes (Scheme 1.1).
H 2 N (C H 2 ) 3 C H 2 N H 2 + H 20  + 0 2
( 1)
Diamine Oxidase
7
H 2 N (C H 2) 3C H O  + h 2 o 2 + n h 3 
Scheme 1.1
The mechanism for this process is not fully understood 
but the literature evidence will be discussed in Chapter 2.
21.2 Diamine Oxidase
Enzymes which oxidise diamines are present in a wide variety 
o f b io logical tissues, although two sources are particu larly  
convenient. Pig kidney diam ine oxidase is com m ercially  
available and pea seedling diam ine oxidase is readily extracted 
from 1 0  day old pea seedlings .2
Diamine oxidases are copper containing proteins. It was 
shown that removal of the copper by dialysis against chelating 
agents caused consequent deactivation and that activity could 
be restored by the addition o f Cu2 + .3 T h e  identity o f the 
organic co-factor in amine oxidases has been a long standing 
problem . This was recently thought to have been solved by 
the developm ent o f the hydrazine m ethod4  which enabled 
iden tifica tion  o f the co-factor as pyrro loquino line quinone 
(PQQ). As a result o f this method it was reported that a 
num ber of enzymes previously thought to have metal ions or 
p y ridoxal phosphate  as the sole co -fac to r contain  PQQ. 
Published inform ation on diamine oxidases and IfaeS possible co­
factors will be reviewed in Chapter 2 as new evidence suggests 
that PQQ may not be the co-factor.
1.3 Polvamines and Cell Growth
D iam ine oxidase plays an im portant role in regulating the 
cellular levels of natural polyamines.
A lthough the discovery o f polyam ines was made five 
hundred years ago, the study of polyamines has trailed behind 
that o f many other biological areas. This is surprising as all
3anim als, p lants and m icro-organism s contain  at least one 
polyam ine, for exam ple pu trescine ( 1 ), sperm idine (2 ) or 
sperm ine (3).
H2N(CH2)3NH(CH2)4NH2 H2N(CH2)3NH(CH2)4NH(CH2)3NH2
(2) (3)
Polyamines appear to have many key physiological roles 
but it is their involvement in cell growth and replication that is 
most im portant. The connection between polyam ines and cell 
growth stems from the ability of the polyam ines to undergo 
ionic interactions with the nucleic acids. At physiological pH, 
the protonated form o f the polyam ines can in teract strongly 
with the phosphate anions o f the nucleic acids. Therefore 
polyam ines stabilise DNA and RNA and also speed up every 
step in the tran scrip tio n -tran sla tio n  sequence, that is the 
process whereby inform ation coded by genes is used in the 
m anufacture o f p ro te ins . 5
1.4 Polvamine M etabolism
There are two m ajor pathw ays by which polyam ines are 
m etab o lised : the in te rc o n v e rs io n  pathw ay and te rm in a l
polyam ine catabolism .
The interconversion pathway is a cyclic process which 
c o n tro ls  p o ly am in e  tu rn o v e r. It re g u la te s  in tra c e llu la r  
polyam ine levels. Putrescine (1), the precursor of sperm idine 
(2) and sperm ine (3), is form ed by decarboxy la tion  of 
o rn ith ine . S perm id ine  syn thase  form s sperm id ine  from
4p u tre sc in e , and sperm ine syn thase  form s sperm ine from  
sp erm id in e , by tra n sfe r  o f  am in o p ro p y l re s id u es  from  
decarboxylated 5-adenosylm ethionine. In the catabolic branch 
o f the in te rco n v ers io n  cycle , sperm ine is deg raded  to 
spermidine and spermidine to putrescine. The first step in the 
catabolism  is N’-acetylation followed by oxidative cleavage of
the acetylated polyam ines.
Term inal polyam ine catabolism  is catalysed  by Cu2+ 
dependent am ine oxidases, of which only diamine oxidase has 
been well defined. By the oxidative deamination of a primary 
amino group, each diamine interm ediate can be converted into 
the corresponding am inoaldehyde and further oxidised to the 
amino acid or y-lactam. These products of terminal catabolism 
and the acetylated polyam ines are urinary excretory products.
1.5 Inhibitors
A good approach to discover what roles compounds play in cell 
physiology is to examine what happens to the system when the 
concentration o f the compound is reduced or depleted.
W ork began on synthesising  inh ib ito rs o f polyam ine 
biosynthesis in the early 1970's. a-D ifluorom ethylorn ith ine 
(DFM O) was syn thesised  by M errell-D ow  P harm aceuticals.
They showed that DFMO inhib ited  grow th in cells. This
suggested that polyam ines were involved in cell growth and 
replication and also proved to have other benefits. DMFO 
possessed very interesting anti-tum our activity as a result of 
binding irreversibly to ornithine decarboxylase (ODC). Tum our 
cells  p ro life ra te  rap id ly  and have a h igher dem and for
5polyam ines. Therefore inhibition o f polyam ine biosynthesis 
has a greater effect on tum our cells. Inhibitors o f diam ine 
oxidase may also have possible roles in cancer chemotherapy.
1.6 Alkaloid Biosynthesis
Pyrro lizid ine alkaloids are w idespread in plants. Many of 
these alkaloids contain (+)-retronecine (4) as the base portion 
and are hepatotoxic. This is due to the unsaturated ring of the 
base portion being oxidised by liver oxidase enzymes to form 
pyrrole derivatives, which are bifunctional alkylating agents.
HO,
(4)
Hom osperm idine (5) is thought to be a key interm ediate 
in pyrrolizidine alkaloid biosynthesis. Using , 3 C -l5N doubly 
lab e lled  p u tre sc in e , it was show n th a t tw o p u tre sc in e  
m o lecu les  com bine to form  re tro n e c in e  (4 ) . 6 T hese  
e x p e r im e n ts  co n firm e d  th a t a sy m m e tric a l C 4 -N -C 4 
interm ediate was involved.
H2N(CH2)4NH(CH2)4NH2
(5)
Homospermidine (5) was first isolated from a sandalwood 
tree, Santalum album ?  and can be syn thesised  from  4-
6brom obutanenitrile . 8 The in itial steps in the conversion of 
hom osperm id ine (5) into p y rro liz id in e  a lkalo ids p lausib ly  
involve oxidation of the primary amine groups. It has been 
shown that by incubating hom osperm idine (5) w ith diam ine 
oxidase and subsequent reduction o f the likely product, 1 - 
fo rm y  l p y r r o l i z i d i n e ,  th e  p y r r o l i z i d i n e  a lk a lo id  
trachelantham idine (6 ) is form ed .9
( 6 )
This evidence with isolated enzymes suggests that such 
tra n sfo rm a tio n s  are  in v o lv ed  in p y rro liz id in e  a lk a lo id  
biosynthesis. This use of isolated enzymes may prove to be a 
convenient method for the form ation of pyrrolizidine alkaloid 
analogues.
1.7 Stereochemistry and Regiochemistry in Reactions 
with Diamine Oxidase
Diamine oxidases are of low substrate specificity, acting upon a 
broad range o f amines (Scheme 1.2).
Hs
O 2  H 2 O 2
- R - <
Scheme 1.2
The abso lu te  s tereochem istry  o f the rem oval o f a 
hydrogen atom from the prochiral methylene group adjacent to 
the nitrogen has been determined by various methods. A wide 
range o f substra tes has been exam ined, using substrates 
enantiom erically  labelled  w ith deuterium  or tritium  whose 
absolute stereochem istry had been determ ined by correlation 
w ith com pounds o f known absolute co n fig u ra tio n . ! 0  The 
consistency  th roughou t the range o f substra tes exam ined 
.^showed that the reaction o f diam ines catalysed by diam ine 
oxidase is accompanied by loss of the pro-5 hydrogen.
The regioselectiv ity  of diam ine oxidase has also been 
studied. Santaniello et al. 11 showed that the diamine oxidase 
from  p ea  se e d lin g s  c a ta ly se s  th e  o x id a tio n  o f  2 - 
m ethylputrescine regioselectively oxidising both (R)- and (S)- 
2-m ethylputrescine at the less hindered C-4 position, whereas 
with pig kidney diam ine oxidase the dependence relies more 
on the stereochem istry of the substrate. Oxidation of the (/?)- 
isomer occurs at C -l and the (S)-isomer is oxidised at the less 
hindered C-4 position.
1.8 Aims of Project
iV-Alkylputrescines were tested as substrates for pea seedling 
and pig kidney diam ine oxidase using a b/'s-hydrazone assay 
reported  by Frydm an et a / . 12 They reported  that N- 
m ethy lpu tresc ine  was not a substra te  for e ith er enzym e 
although /V -ethylputrescine and A f-propylputrescine appeared 
to be oxidised easily. This was an unusual and unexpected
result. We initially set out to check this result using the same 
assay  system  as F ry d m an , ! 3 then  used  an im proved
spectrophotom etric assay . ! 4
Cadaverine (7) is also a substrate o f diam ine oxidase.
Cadaverine and analogues will be synthesised to be tested as 
substrates for both sources of diamine oxidase. All substrates 
will be tested using the improved assay system.
H2N(CH2)5NH2
(7)
It was thought that inform ation on the constraints of the 
active site could be obtained on analysis o f the reaction with 
substrates of different carbon chain length. Chain lengths of up 
to tw elve carbons w ill be tested  as substrates o f diam ine
oxidase to enable us to find out m ore about the steric 
requirem ents at the active site of the enzyme.
A fter analysis  o f  resu lts  o f enzym ic ox idation  of 
diam ines, some com pounds w ill be tested  as inhibitors o f 
d iam ine ox idase , inh ib iting  the ox ida tive  deam ination  o f 
putrescine and/or cadaverine. This will be carried out using
9the im proved spectrophotom etric assay 14 as before with the 
addition of a constant concentration of potential inhibitor.
To determ ine the regio- and/or stereo-chem istry o f the 
reaction catalysed by diam ine oxidase we require to examine 
the products formed. The am inoaldehydes produced from the 
reaction with putrescine and cadaverine trim erise readily and 
are also difficult to extract. By coupling the imines with 3',4'- 
dim ethoxybenzoylacetic acid, the products can be isolated and 
analysed. This has an extra benefit as the products formed can 
be used in the synthesis of alkaloids, such as cryptopleurine 
(8 ), tylophorine (9) and analogues . 15 These known alkaloids 
exh ib it in teresting  b io log ical activ ity  including an ti-cancer 
action .
OCH OCH
CH
OCH3
(8 ) (9)
The reaction  w ith hom osperm idine (5) and diam ine 
oxidase produces the alkaloid trachelantham idine (6 ) . 9  It was 
thought that by using analogues o f hom osperm idine, for 
e x a m p le  /V ,/V -fc j\s (5 -am in o p en ty l)am in e  (1 0 )  o th e r  
(quinolizidine) alkaloids m ight be formed using this enzymic 
process .
I 0
H2N(CH2)5NH(CH2)5N H 2
(10)
11
CHAPTER 2
REVIEW OF THE ENZYME - DIAMINE OXIDASE
2.1 Purification of Diamine Oxidase (DAO)
D iam in e  o x id a se s  (d ia m in e : o x y g en  o x id o re d u c ta se :
deaminating: copper containing EC 1.3.4.6) are enzymes which 
are w idely d istributed  among living organism s. The main 
sources of diamine oxidase are from pig kidneys and peas. The 
latter source is by extraction from young pea seedlings. The 
diamine oxidase content of pea seedlings is at a maximum over 
th e  p e rio d  b e tw een  sev en  and  s ix tee n  days a f te r  
germ ination.I6 Varieties differ slightly in their initial diamine 
oxidase activity, and in the ease with which the enzyme can be 
p u rif ied .
H ill2 developed a procedure for purification o f diam ine 
oxidase which depends on rem oving much o f the unw anted 
material from the crude extract by precipitation with a mixture 
o f chloroform  and ethanol. Then the enzyme is precipitated 
first w ith ammonium sulphate and second at pH 5 by the 
method of Tabor. I7  The enzyme can be finally purified  by 
chrom atography on hydroxyapatite  D E A E -cellu lose colum ns. 
The chloroform-ethanol step is unusual but important as if  it is 
omitted difficulties arise in later stages.
D iam ine oxidase was purified  from pea ep ico ty ls *8 to 
h o m o g en e ity  by th e  c r ite r io n  o f  p o ly ac ry la m id e  gel 
electrophoresis. The diam ine oxidase was first purified by 
colum n chrom atography on p h osphocellu lo se  and M GBG-
1 2
Sepharose. The procedures were developed using diam ine 
oxidase which had been treated with 5% protam ine and then 
concentrated with ammonium sulphate o f 65% saturation.
The m olecular w eight o f the diam ine oxidase estim ated 
by gel filtration was ca. 180,000. Sodium  dodecylsulphate 
(SDS) gel electrophoresis yielded a single band at a molecular 
w eight o f 85,000. These resu lts suggest that the enzym e 
consists of two identical subunits.
2.2 The Involvement of Copper
D iam ine oxidase is a copper containing enzym e. Purified 
diam ine oxidase was found to contain 0.08-0.09% copper. It 
was reported that diam ine oxidase is inhibited  by chelating 
lig an d s  and th is  th e re fo re  su g g ested  th a t it w as a 
m etallop ro te in . 19 H ill and M ann2 0  showed that when the 
enzyme was dialysed against chelating ligands such as sodium 
diethyldithiocarbam ate, copper was rem oved. The copper-free 
protein was found to be inactive but it could be reactivated by 
Cu(II) ions. Zn(II) was found to be present in trace amounts in 
d iam ine oxidase2 0  although addition o f Zn(II) ions did not 
reactivate the copper-free enzyme. O ther chelating ligands 
th a t caused  in h ib itio n  o f d iam ine o x id ase  in c lu d e  8 - 
hydroxyquinoline and 1,10-phenanthroline. Many m etal ions 
prevented the inhibition of m ost chelating agents; in particular 
Ni(II) and Co(II) were the most effective.
It was also found by using the biquinolyl estim ation 
m ethod21 that no copper in the Cu(I) form was present in 
diam ine oxidase. At this stage it was concluded that diamine
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oxidase is a m etallo-enzym e containing copper only in the 
Cu(II) form. At the time this conclusion was thought to be 
co rrec t, a lthough  it has been su bsequen tly  q u estio n ed . 
E lectron param agnetic  resonance (EPR) experim ents2 2  were 
inconclusive in detecting any changes in the copper oxidation 
state in the presence o f am ine substrates. This inconclusive 
evidence has led to proposals that Cu(II) acts as a Lewis acid ; 23  
that it has an indirect role in catalysis ;2 4  or that it serves a 
structural ro le .2 6  .^N ew  evidence has recently been presented of 
the p resence o f a C u(I)-sta te  structure and this w ill be 
discussed la te r .2 6
2,3  P v r id o x a l  P h o sp h a te  and F lav in  A d en in e  
Dinucleotide (FAD) as Cofactors
It has been shown that diam ine oxidase is strongly inhibited 
by reagents w hich form  derivatives w ith carbonyl groups. 
Evidence was reported by Yamada2 7  o f the complete inhibition 
by hydroxylam ine (at 1 x 10"5 M) and sem icarbazide (at 1 x 
10‘ 6  M ). This suggested the presence o f a carbonyl group at 
the active site o f the enzyme. M ann19 suggested that the 
copper is present in the enzyme as a complex with a carbonyl 
compound and that this complex forms the prosthetic group.
M uch evidence was then produced purporting to show 
that the prosthetic groups o f both animal diamine oxidase and 
the plant form contain pyridoxal phosphate as the cofactor .2 8
As hydrogen peroxide is a by-product o f these reactions 
cata lysed  by am ine oxidases it was p roposed  th a t these 
en zy m es  w ere  f la v o p ro te in s . K a p e lle r -A ld e r 2 9  and
G o ry ch en k o v a 3 0  re p o rte d  ev id en ce  th a t f lav in  ad en in e  
dinucleotide (FAD) forms part of the prosthetic group of the 
diam ine oxidase from both anim al and plant sources. As 
recently as 1984 FAD was reported to be present in diamine 
oxidase from rice em bryos .31
The bias on the cofactor structure changed significantly 
in 1984, when two independent groups reported that bovine 
plasm a am ine oxidase, may contain pyrroloquinoline quinone 
(PQQ) as the cofactor.4>32
2.4 The History of Pyrroloquinoline Quinone (POO)
The first discovery of PQQ (11) as a cofactor came from studies 
on bacterial glucose dehydrogenase by Hauge in 1964.33 He 
observed the presence of a dissociable cofactor which was not a 
n ico tin am id e  or a f la v in . U sing  ex te n s iv e  sp e c tra l 
characterisations Hauge identified  the cofactor as a 'suitably 
substitu ted 1,4-naphthoquinone'. Also at this time Anthony 
and Zatm an3* w ere studying m ethanol dehydrogenase from 
Hyphomicrobium X  and they discovered an organic cofactor 
which could be released on denaturation which was thought to 
be a pteridine.
C^OzH
HQjC NH
1 5
D uine and co-w orkers applied  EPR spectroscopy and 
observed a hyperfine structure for the cofactor w hich was 
incom patible with the presence o f a pterin cofactor . 3 5  They 
then proposed that the cofactor was a quinone com pound 
containing two nitrogens. Further spectroscopic studies on the 
isolated cofactor by Duine supported this proposal. By 1979 an 
X-ray characterisation o f the acetone adduct of the cofactor 
confirm ed its structure to be pyrroloquinoline quinone (PQQ)
( l l ) .36
Accompanying the isolation and characterisation o f PQQ 
in Hyphomicrobium  X, an increasing  num ber o f a lcohol 
dehydrogenases were shown to contain this cofactor. One 
exam ple is g lucose dehydrogenase found in Acinetobacter 
calcoaceticusr*1
2.5 P y rro lo q u in o lin e  Q u in o n e  (P O O ) in  C o p p e r  A m ine 
O x id a s e s
As m entioned previously , in 1984 two independent reports 
produced evidence in support of PQQ as a cofactor in copper 
amine oxidases. These studies were carried out by Lobenstein- 
V erbeek et al. 4  and by Ameyama et al, 3 2  The form er group 
concentrated on derivatisation of the bound prosthetic group 
w ith 2 ,4 -d in itropheny lhydrazine  (DNPH) before hydrolysing 
the protein. Although Lobenstein-Verbeek et al. found that the 
isolated product was identical to the hydrazone prepared from 
authentic PQQ and DNPH, the yield was very low (6 %). This 
was later explained to be due to the destructive nature o f the 
pronase (a specific enzym e used in the hydrolysis o f the
1 6
peptide chain for the detachm ent o f PQQ-DNPH) step in the 
proteolysis. Despite the low yield Lobenstein-V erbeek et al. 
considered that derivatisation with DNPH was the only feasible 
procedure. They found that direct hydrolysis produced many 
unidentifiable products because PQQ reacted with some of the 
amino acids from the protein. The derivatised product was 
shown to be homogeneous by HPLC and had sim ilar retention 
time and absorption spectrum to that of the model PQQ-DNPH 
product. This in fact provided evidence against pyridoxal 
phosphate as the cofactor as the absorption spectrum was quite 
d iffe re n t from  th a t o b ta in ed  by in cu b a tin g  p y rid o x a l 
phosphate w ith 2,4-dinitrophenylhydrazine. The proton NMR 
spectrum o f the product formed from derivatising the enzyme, 
bovine serum am ine oxidase with DNPH and then proteolysis 
indicated that the mono-DNP derivative (12) was formed at C-
5.^8
COzH
HOzC O
N
NH
N 0 2
(12)
1 7
L obenstein -V erbeek  et a l. also form ed a fluorescing  
product which was obtained by degradation o f the isolated 
product (12) in sodium hydroxide solution. The same HPLC 
retention  tim es were obtained with the fluorescing product 
obtained  from the authentic PQQ sam ple and the isolated 
adduct ( 1 2 ) . 4
The approach taken by Ameyama and co-w orkers3 2  was 
to use native enzyme and obtain flourescence spectra of the 
degradative adduct from  the enzym e. They also observed 
s tim u la tion  o f bac te ria l grow th by the acid  hydro lysate  
ob tained . D uine and co-w orkers in 1986 attem pted  to
reproduce results by Ameyama et a l . 3 2  but were unable to 
detect any PQQ under the same circum stances .3 9
S in ce  th e se  f irs t  f in d in g s 4 ’3 2  th e  m a jo rity  o f
investigations o f mammalian oxidases have centred around the 
characterisation o f a chem ically derivatised  cofactor. Duine 
and co-workers appear confident with their approach involving 
d e r iv a tis a tio n  w ith  d in itro p h e n y lh y d ra z in e , fo llo w ed  by 
p ro te o ly tic  deg rad a tio n  and ch rom atograph ic  a n a ly s is . 4 ’3 9  
They have used this approach to show that many proteins 
contain PQQ. However they have not discussed pea seedling 
diam ine oxidase.
Glatz et aL have demonstrated the ability of pea seedling 
diam ine oxidase to form derivatives with a range of reagents 
known to in teract w ith PQQ. They also perform ed acid
hydrolysis on native enzyme, identifying HPLC peaks as PQQ
based  on th e ir  absorbance and flourescence p ro p e rtie s . 4 0  
Although in the light of the work by Duine and co-workers this 
may not be conclusive evidence . 39
1 8
2 .6  A l t e r n a t i v e  M e t h o d s  fo r  D e t e c t i n g
Pyrroloquinoline Quinone (POO) as the Cofactor
O ther approaches have since been em ployed in an attem pt to 
establish  PQQ as the organic cofactor in m am m alian amine 
oxidases. Dooley and co-w orkers4 1  carried  out the first 
d e t a i l e d  s t r u c t u r a l  c h a r a c t e r i s a t i o n  o f  th e  
d initrophenylhydrazones. They used Raman spectroscopy of 
derivatives of either PQQ or pyridoxal phosphate from various 
enzym es, including porcine diam ine oxidase. They observed 
frequencies  and re la tiv e  in ten sitie s  fo r these deriv a tiv es  
indicating a close correspondence between proteins derivatised 
w ith  2 ,4 - d in i t r o p h e n y lh y  d r a z in e  a n d  th e  2 ,4 -  
dinitrophenylhydrazone of PQQ. These studies therefore rule 
out the possibility o f pyridoxal phosphate as the cofactor and 
provide more evidence that PQQ or a derivative is the organic 
cofactor.
Due to the widespread nature of PQQ as a cofactor, Citro 
et al.*2 realised  there was a need for new, fast analytical 
methods allowing detection and quantitative analysis of PQQ in 
b io log ical sam ples in place o f the usual chrom atographic 
techniques previously used. They used antibodies which could 
react with free and protein bound PQQ and produced a specific 
antibody allowing detection of PQQ in lentil seedling diamine 
oxidase.
Gallop4 3  stated that direct methods for detection of PQQ 
w ith  carbony l reag en ts  are  q u a lita tiv e , in sen s itiv e  and 
u n re lia b le  w hen a p p lie d  to  q u in o p ro te in s  even  a fte r  
p ro teo ly sis . He and co-w orkers have developed highly
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sensitive colorim etric assays for the detection of PQQ in cell 
ex tracts. They use g lycine (as reductant) and n itrob lue 
tetrazolium (as oxidant) to detect PQQ in the nanomolar range.
However this method has been criticized because of the 
reactivity o f the PQQ with certain amino acids. This leads to 
decarboxylation o f the am ino acid and then to unreactive 
oxazole condensation products. Therefore it is questionable 
w hether the m ethod can be q uan tita tive  in the case of
quinoproteins w here p ro teo lysis is requ ired  to detach the 
co fac to r .4 4
"2.7 Isolation of a Peptide Containing Pyrroloquinoline  
Quinone (POO) from Pig Kidnev Diamine Oxidase
In 1989 D uine and co-w orkers3 8  determ ined  the prim ary
structure o f a peptide which contained PQQ which was isolated 
from pig kidney diamine oxidase. The protein was deriyatised 
with DNPH and then subjected to proteolysis with trypsin. The 
hydrosylate contained a peptide with hydrazone form ation at 
the C-5 position  o f PQQ. The peptide was purified  to
hom ogeneity and the am ino acid sequence was determ ined.
The peptide containing PQQ-DNPH again showed a certain 
spectral and chrom atographic sim ilarity to model PQQ-DNPH 
sy stem s.
The peptide appeared to consist o f eleven amino acids 
with PQQ attached to num ber eight which was found to be 
ly sine .
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The amino acid sequence was shown to be as follows.
1 8  1 1  
H is-S e r-A sp -A la -V a l-P h e -T h r-L y s-A sn -T y r-A rg
PQQ
The PQQ was assumed to be attached to the lysine and not 
inserted in the peptide chain as the latter situation would have 
resulted in breakdown under the degradative conditions. The 
suggestion  o f dual crossslink ing  was d iscussed  but was 
considered to be very unlikely since only one protein band was 
observed on electrophoresis of (dim eric) pig kidney diam ine 
oxidase (containing one PQQ) in a SDS system.
2.8 Mechanism of Pyrroloquinoline Quinone (POO)
Initial efforts to establish the reaction mechanism in a PQQ- 
containing enzyme were focussed on methanol dehydrogenase.
T he co n cep t o f  co v a len t ad d u c ts  h&s ap p eared  
consisten tly  in d iscussions o f  the m echanism  o f substrate 
oxidation by PQQ. Several investigators reported activation of 
P Q Q -dependent enzym es by e ith e r am m onia or prim ary 
am in es . 4 5 *4 6
Compound (13) was proposed4  ^ to be formed and to play 
a role in the mechanism.
NHR
O
(13)
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Using this species (13) as a reactive  in term ediate , 
subsequen t a ttack  o f alcohol at C-4 w ould lead  to a
carbinolam ine in te rm e d ia te  which on oxidation o f the substrate 
would produce an am inoquinol containing nitrogen at C-4 as 
the reduced form of the cofactor (Scheme 2.1).
Scheme 2.1
•v  ■'
This reaction mechanism has one major difficulty. In this 
case the C-4 position is the electrophilic centre whereas all 
existing literature on PQQ states that the C-5 position has an 
unusually high reactivity toward nucleophilic attack.4** With 
this in mind a relatively straightforw ard m echanism  can be 
w ritten involving in itial form ation o f a hem i-acetal at C-5 
follow ed by substrate oxidation to yield directly the reduced 
quinol o f PQQ. An analogous mechanism has been proposed for 
amine oxidation because the quinol form o f reduced PQQ is a 
major product in anaerobic conditions (Scheme 2.2).
dcr itah'/e
OH
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Scheme 2.2
A m ines how ever can g en era te  s tab le  S c h iff  base 
interm ediates with PQQ. Bruice and co-w orkers4 9  reported a 
minor pathway for amine oxidation (Scheme 2.3).
„ A “ °  H!° .  tH U  V T T J  ►  X T + t lNHI
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Scheme 2.3
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To enable these workers to determine whether the Schiff 
base com plexes are form ed, exam ination  o f the n itrogen  
transfer from substrate to cofactor in the course o f cofactor 
reduction was required. It was reported by Taylor et a / . 5 0  that 
under anaerobic conditions, oxidation using porcine plasm a 
am ine oxidase produced a burst o f am m onia. This result 
appeared  to rule out the la tte r suggestion o f the am ino 
tra n s fe ra se  m echan ism . H ow ever fu rth e r  ex p erim en ts  
included  an elegan t experim ent by Ruis et a / . 51  Using 
q u en ch ed -flo w  s tu d ies  and a se n s itiv e  assay  fo r the 
determ ination o f ammonia they found that the time course for 
am m onia re lease  co rre la ted  w ith enzym e reo x id a tio n  ie. 
favouring the last mechanism.
2 .9  F u r th e r  S tu d ie s  on the  C h e m is tr y  of  
Pyrroloquinoline Quinone (POO)
The proposed interaction of amine substrates with the bound 
cofactor o f  copper amine oxidases is very sim ilar to that of 
pyridoxal phosphate chemistry. The Schiff base is formed and 
the proton is rem oved from  C -l o f substrate  by a base 
catalysed reaction. A possible difference may be in the fate of 
the a-hydrogen of the substrate (Scheme 2.4).
Scheme 2.4
W ith pyridoxal phosphate it undergoes a 1,3-prototropic 
shift whereas with PQQ direct transfer to the carbonyl oxygen 
at C-4 may occur.
Experiments carried out to investigate this point focussed 
on the unusual side reaction catalysed by bovine plasma amine 
oxidase. Lovenberg and Beaven5 2  showed that plasma amine
ox idases ca ta lyse  an exchange o f the p -hydrogen from 
phenethylam ines in the course of catalytic oxidation.
r y l *
\ — /  c h 2n h 2
+ n h 3
Scheme 2.5
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K inetic studies on this process showed that the transfer 
of reducing equivalents from substrate to cofactor requires to 
be reversible and, that a step subsequent to cofactor reduction 
is partially rate limiting.
As a consequence of this w ork bovine plasm a am ine 
oxidase was originally  thought to function via a two base 
m echan ism .
Further studies on pH dependencies o f bovine plasm a 
amine oxidase led to the discovery of identical pKa values for 
exchange of the 0 -hydrogen and the substrate oxidation. This 
im plies that the same residue perform s both fu n c tio n s .5^  
Strong support for this was provided by recent investigations 
into the stereochem istry o f the reaction .5^ The data now 
available strongly suggest that it is a single catalytic residue 
that catalyses both oxidation o f substrate and exchange of the 
0 -h y d ro g en .
Scheme 2.6 incorporates an explanation of the role of PQQ 
in amine oxidation. It shows the formation of the Schiff base 
com plex between am ine substrate and PQQ; the oxidation of 
substrate via a proton abstraction m echanism ; and also the 
transfer o f both hydrogen and nitrogen from  C -l o f the - 
substrate to cofactor in the reductive half reaction.
26
/
H/, Ns 0  
BiH ^ C ~ c f ' H
H H
Eq.I
/ H H 
Er-I
H ,0
/
/Vb ,*h  h ) c = c; Ns h<t> H
e rj > Eo.r
Schem e 2.6 Proposed m echanism  for bovine plasm a am ine 
oxidase .
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Schem e 2.6 shows the proposed m echanism for bovine 
plasm a am ine oxidase, in which a single active site residue, 
EB1, catalyses both substrate oxidation and exchange. Eq.S' is 
the Schiff base complex between amine and C-5 o f the cofactor; 
E0.I is the transiently formed carbanionic interm ediate; E r .I  is 
the product Schiff base, involving 1,3 prototrophic shift from 
substrate to cofactor; E r .I ’ is the enamine formed in the course 
o f hydrogen exchange from the p-carbon .5 4
2.10  Argum ents Against P yrro loq u in o lin e  Q uinone  
(POO) as the Cofactor
One m ajor drawback throughout the studies on PQQ has been 
the lack of direct evidence for the presence of PQQ at the active 
site o f a single mammalian protein. A lthough, as discussed 
earlier, an active site cofactor-contain ing  peptide has been 
isolated from pig kidney diam ine oxidase , 38  the yield reported 
was extrem ely low (0.1%). This work has been questioned, 
since the charac terisa tion  o f the pep tide  was lim ited  to 
sequencing. This was presumably due to insufficient material 
being available for further identification.
Recent X-ray studies have shown that there is no density 
corresponding to PQQ in some enzymes which were thought to 
co n ta in  it as the  c o fac to r. W ork  on m eth y lam in e  
dehydrogenase from  Thiobacillus versutus by Hoi and co- 
w orkers5 5  showed X-ray diffraction patterns which indicate an 
active site dicarbonyl which lacks the pyridine ring, present in 
PQQ. This contradicts the work o f D uine on m ethylam ine 
dehydrogenase .5 6  Early in 1991 Ito et al. 5 7  reported the crystal
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structure of galactose oxidase, previously claim ed to contain 
PQ Q . 5 8  The crystal structure work showed that all electron 
density  observed  could be accounted  for by the know n 
primary structure of the protein and by solvent and ions in the 
solution; no density corresponding to pyrroloquinoline quinone 
(PQQ) was evident.
Janes et a / . 5 9  in 1990 isolated an active site cofactor- 
containing peptide from bovine serum amine oxidase. Due to 
the high yield (40%) and small size (five residues) o f this 
peptide a com plete structural characterisation was achieved. 
They were able to demonstrate that the cofactor is not PQQ and 
evidence shows it to be 6 -hydroxydopa (topa) (14).
H
h 2n - c - o o o hL i
CB
HO-
OH
(14)
A deriva tised  pep tide (phenylhydrazone and d ihexyl 
derivative formed) was isolated by mild enzym atic proteolysis 
and purified by HPLC. The sequence o f the purified peptide 
fraction was shown to be;
-L eu -A sn -X -A sp -T y r- 
Because only one amino acid was detected at each round of 
peptide sequencing, Janes et al . 5 9  concluded that the cofactor 
had a single, stable point of attachm ent to the protein. The
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sequence shown above has been verified in all subsequent 
p ep tid e  p repara tions and used fo r all the spec trom etric  
ch aracterisa tions. The spectrom etric  characterisa tions used 
included (1) mass spectrom etry; (2) UV/Vis spectroscopy; and 
(3) proton NMR spectroscopy.
(1) Mass spectrometry: Studies on the dihexyl derivative
o f the  p en tap ep tid e  led  to an exact m o lecu la r m ass 
m easurem ent o f 974.5123. Subtracting the two hexyl groups 
and the accurate masses of Leu, Asn, Asp and Tyr, a value for X 
of 283.0967 was obtained. This is not consistent with a PQQ 
type structure.
W ith  th e  p h e n y lh y d ra z o n e  d e r iv a tiv e , c o m p u te r  
perm utation o f possible elemental compositions for X gave five 
possible em pirical form ulae w ithin -  5 ppm of the observed 
value. Only one of these was com patible with both UV/Vis 
absorbance properties o f the active site cofactor and the 
presence of phenylhydrazone in X. Two structures (A) and (B) 
were consistent with the formula C 15H 13N3 O3 .
H igh energy collision induced d issociation (CID) mass 
spectroscopy was used in an effort to distinguish between (A) 
and (B). The observations from the spectra perm itted  a
dcriv/Qri/e.
tentative assignment of the active site cofactorAin bovine serum 
am ine o x id ase  to be (B), the p h en y lh y d razo n e  o f 6 - 
hydroxydopa (quinone form).
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Figure 2.1 Structures com patible with an em pirical form ula of 
C 15H 13N 3O 3 for residue X in the pentapeptide. (A) A serine 
residue, attached to the phenylhydrazone of a catechol via an 
ether linkage. (B) The phenylhydrazone o f 6 -hydroxydopa 
(shown as the quinone form).
(21 UV/Vis spectroscopy: Like many others Janes et al. . 
observed  Xmax at 448 nm for pheny lhydrazone-derivatised  
bovine serum amine oxidase. This correlates with the value for 
the phenylhydrazone o f PQQ. H ow ever Janes showed that 
there is a shift o f ca. 14 nm for the Xmax of isolated peptides. 
Therefore rem oval o f protein effects on electronic transitions 
leads to alm ost exact correspondence between Xmax values for 
p h e n y  lh y  d r a z o n e - c o n t a i n i n g  p e p t i d e s  a n d  th e
phenylhydrazones of topa quinone.
(31 Proton NMR Spectroscopy: As final p roof o f the 
structure of the active site cofactor, proton _ NMR spectroscopy 
experiments were carried out. For the region above 5 6.0, two 
doublets at 5 6 . 8  and 7.1 integrate to four hydrogens and are
3 1
easily assigned to the tyrosine side chain (at position five of 
the peptide chain). Three other peaks at 5 7.5, 7.2 and 6.9 
(integrating 4-5:1:1 resp.) were originally assigned to the five 
hydrogens in the phenylhydrazone ring ( 6  7.5) and the two 
hydrogens in the cofactor ( 6  7.2, 6.9). Decoupling experiments 
however showed the signal at 6  7.2 was due to a hydrogen on 
the phenylhydrazone ring. Only one of the two ring hydrogens 
of the cofactor could be detected because the experiments were 
carried out in D2 O. As shown the CH bond at position five of 
the cofactor ring lies between an enol and a ketone (Scheme 
2.7). An acid -base-cata lysed  enol tautom erism  is to be 
expected , w hich in the p resence o f D2 O w ould produce 
deuteriated cofactor. The NMR spectrum was eventually run in 
H2 O so that all proton signals could be observed.
Scheme 2.1
Proof o f the presence of PQQ as the cofactor has relied on 
the isolation o f com pounds from phenylhydrazine-inactivated  
enzymes that co-elute on HPLC with authentic samples of PQQ 
phenylhydrazones. It has been noted that retention times on 
HPLC represents a fairly tenuous form of structural proof.
I t is p o s s ib le  th a t a d e r iv a tiv e  o f the topa 
phenylhydrazone, form ed from bovine serum am ine oxidase 
during proteolysis may Co-elute with the phenylhydrazone of
O CDCH
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PQQ. Topa quinones undergo a rapid intram olecular cyclisation 
reaction shown in Scheme 2.8.
NH NH(1) Cyclisation  
 ►
(2) Oxidation
HO
CHCH
(15)
Scheme 2.8
This compound formed bears a very close resem blance to 
PQQ. This may occur during pronase digestion. Compound (15) 
and its phenylhydrazone are highly reactive and are expected 
to form  M ichael adducts w ith a range o f nucleoph ilic  
com pounds. The derivative form ed by the reaction o f (15) 
with glutamate would co-elute with PQQ. Although many other 
amino acids have side chains more nucleophilic than glutamate, 
g lu tam ate  is expected  to be accum ulated  a fte r p ronase 
digestion and the formation of this derivative may be favoured 
by high concentration of this specific amino acid. In addition 
the two nucleophilic positions in glutam ate (at the a-am ino 
group and the y-carbon) may drive the condensation reaction 
via a favoured ring closure to form a stable six-membered ring 
(Scheme 2.9). O ther amino acids such as serine and cysteine 
are incapable o f the final oxidation step to form a stable 
arom atic species.
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Although resonance Raman studies41 on phenlhydrazone 
derivatives o f bovine and procine serum  am ine oxidases 
re v e a le d  sp ec tra l p ro p e rtie s  th a t a re  s im ila r  to the 
phenylhydrazone of PQQ, they are not identical.
Using the highly sensitive assay for the detection of PQQ 
in cell extracts by Gallop ,4 3  mentioned earlier, Janes found that 
the g lycine-n itrob lue tetrazolium  redox cyclising system  of 
Gallop works nearly as well with topa hydantoin (shown in the 
oxidised form) (16) as with PQQ.
NH
CH
(16)
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NHHO
NHHO
NH
CH
(1) Loss of H20
(2) Oxidation
i r
NH
O
Scheme 2.9 Proposed mechanism for the generation o f a PQQ- 
like product from the ring cyclised form of the topa quinone 
(phenylhydrazone derivative).
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2.11 Is Topa the Cofactor?
The 6 -hydroxy derivative of dopa has been recognised as being 
neurotoxic.60 This is thought to be related to facile redox 
reactions carried out by this type of compound. It is therefore 
strange that the redox properties o f 6 -hydroxy dopa have been 
harnessed in a constructive m anner through its use as an 
active site, enzymatic cofactor. It is im portant to ascertain the 
full scope of topa as a redox cofactor. It is worthy to note that 
the X-ray studies of Vellieux and co-workers5 5  on the bacterial 
m ethylam ine dehydrogenase show a ring-cyclised  isom er o f 
topa, attached to the protein via a glutamate side chain.
In bovine serum amine oxidase a reasonable hypothesis 
for topa form ation occurs via a post-transla tional process 
involving oxidation of an active site tyrosine. However, since
topa is a naturally occurring amino acid, the possibility of its
direct incorporation into the growing protein chain, via special
transfer RNA, cannot be ignored.
These notes raise the possibility o f a role for topa-like 
molecules either through the covalent attachm ent to active side 
chain (m ethylam ine dehydrogenase) or through their d irect 
incorporation into the protein backbone (bovine serum amine 
oxidase).
In light of the evidence discussed for and against PQQ as 
the cofactor, purification and crystallisation of the protein is 
required and X-ray structure studies need to be carried out on 
the purified enzyme. Until then we cannot know for certain 
the exact structure o f the active site cofactor in diam ine 
oxidases.
2.12 Radical Copper Galactose Oxidase
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The involvement of copper in amine oxidases was discussed in 
Section 2.2. In 1991 new evidence was published on the 
involvem ent of copper in galactose oxidase.
O xidases containing a m ononuclear copper site catalyse 
the two electron oxidation o f substrates by dioxygen* which is 
thereby reduced to hydrogen peroxide. The m echanism  of 
these enzym es has posed the question as to how a single 
copper centre capable of undergoing only a one electron change 
C u(II)/C u(I) can catalyse a two electron transfer from an 
organic substrate.
It was reported by Thomson6! in 1991 that spectroscopic 
evidence indicates that the active site of galactose oxidase can 
store two oxidising equivalents, one as the Cu(II) ion and the 
other as a radical cation. As a result o f the recent X-ray data 
on galactose oxidase5 7  the radical cation has been identified as 
that o f a modified tyrosine side chain.
2.13 A C udD -Sem iauinone State Exists in Substrate  
Reduced Amine Oxidases
Also in 1991 evidence was presented for the generation of a 
C u(I)-sem iqu inone sta te  by substra te  reduction  o f am ine 
oxidases under anaerobic conditions .^ 6  It was also suggested 
that the C u(I)-sem iquinone may be the catalyst interm ediate 
that reacts directly with dioxygen. EPR spectral changes 
accom panying the addition o f appropriate am ine to various 
amine oxidases (including pea seedling and pig kidney diamine
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oxidase) were recorded and shown to be similar. Because the 
radical EPR spectrum is independent of the source of diamine 
oxidase and the substrate used, the radical must be associated 
with a moiety that is conserved among the am ine oxidases 
exam ined. Cyanide or f-butylisocyanide were used to trap the 
sem iquinone form  by stab ilising  Cu(I) and enhancing the 
radical signal. These EPR data allow the developm ent of a 
possible m echanism  (Schem e 2.10) featuring w ell-precedented 
ro les for both copper and the quinone, which negates the 
problem  associated with two-electron reductions of dioxygen.
E^ Qox
C u(II)
H20 2
+ n h 3X
2HJ
r c h 2n h :
r K Q  n
C u (II) -0 2
RCHO
,x Qred
'cu (II)
E" Q
Cu(I)
Scheme 2.10 Possible catalytic cycle of copper containing amine 
ox idases. T he species  in b rack e ts  is a h y p o th e tica l 
in term ediate , shown here to em phasize the possib ility  of 
sequential one-electron step in the reduction of O2. Q ox is 
oxidised quinone; Q is sem iquinone; Q red  is two electron 
reduced quinone.
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The Cu(I)-sem iquinone state o f am ine oxidase has not 
been  detected  before  because th is state is apparently  in 
equilibrium  with C u(II)-reduced quinone. Internal electron 
transfer from  copper to sem iquinone is favoured by low 
tem peratures, and since previous work used low tem perature 
EPR spectroscopy to study the copper centre, the semiquinone 
form was missed.
A com parison has been made between the structures of 
the cataly tic  in term ediates o f galactose oxidase and am ine 
oxidases generated by dioxygen (Scheme 2.11)
(1) E
,C u (I)
Q
On
2 H
/ C u(II)
Qox
+ h 20 2
(2 ) E
,C u (I) On
(Tyr.S) 2H
,C u (II)
'(T y r.S )-
+ h 2o 2
Schem e 2.11 The na tu re  o f the ca ta ly tic  in te rm ed ia te  
generated  by dioxygen in (1) am ine oxidases; Q is 6 - 
hydroxydopa quinone. (2) galactose oxidase; Tyr-S is Tyrosine 
covalently linked to the thiol side chain of cysteine.
It is clear from the X-ray structure that, in the case of 
galactose oxidase, the tyrosine radical forms a ligand to the 
copper ion and therefore may function as a two electron 
oxidant. It is not yet known in the case o f amine oxidases
39
w hether the quinone is bonded to copper or if the substrates 
interact at the metal site.
2 .14  D if fe r e n t  Assay S ystem s U sed  for  the  
Determination of Diamine Oxidase Activity
The technique used in early studies on the determ ination of 
diam ine oxidase activity was the manometric m easurem ent of 
oxygen u p tak e . 6 2 ’6 3  Several o ther m ethods have been 
developed. Holmstedt and Tham 6 4  used the production of 3,4- 
d ih y d ro -2 //-p y rro le  (1 -p y rro lin e) (17) from  the reac tio n  
m ixture o f putrescine ( 1 ) and diam ine oxidase (the initial 
oxidation product, y-aminobutanal, cyclises to give 1 -pyrroline) 
to determine the activity of diamine oxidase. With the addition 
of <?-aminobenzaldehyde (18), 1-pyrroline (17) forms a yellow 
com pound w hich can be determ ined  spectrophotom etrically  
(Scheme 2.12). Holmstedt et a / . 65 calibrated this reaction using 
known concentrations of the acetal o f Y-aminobutanal. This 
acetal was hydrolysed and the product was treated with o- 
am inobenzaldehyde. This procedure enabled them to obtain 
the activity of diam ine oxidase in micromoles o f diam ine per 
mg of enzyme per hour. This allowed comparisons to be made 
w ith o ther m ethods and these results com pared w ell with 
those obtained from the m anom etric measurem ents of oxygen 
u p ta k e .
h 9n
Q - D O
(1 7 ) (18)
X 430 nm
OH'
Scheme 2.12
Sakam ato6 6  described a quan tita tive conversion o f 1 
pyrroline into (19) by oxidation as shown in Scheme 2.13.
OH'
(19) 
Scheme 2.13
C1O3
H2S 0 4
OH'
4 I
A new colorim etric m ethod for the assay of diam ine 
oxidase was described by Naik et al. 6 7  in 1981. This involves 
the reaction  of 1-pyrroline (17) w ith ninhydrin reagent in 
acidic medium to form a coloured complex with Xmax 510 nm.
The problem  with the m ethods described  using the 
p roduction  o f 1-pyrro line (17) for the determ ination  of 
d iam ine  ox idase  ac tiv ity  is tha t it is lim ited  to the 
determ ination o f the activity  using only putrescine as the 
s u b s tra te .
Frydm an et al. 12 determ ined the rates o f oxidation of 
substra tes o f d iam ine oxidase by trapping the oxidation  
p r o d u c ts  ( ie . am i n o a ld e h y d e s )  w ith  3 -m e th y l-2 -  
b en zo th iazo lin o n e  (M BTH) (20) and then m easuring the 
absorbance o f the resulting bishydrazone at 660 nm (Scheme 
2 .14).
2 + r h n - ( c h 2)3 c ;  
o
H
o o d a t  i o i _
NHR
f Y  V n=n-  S n- nK ST >
\ s * ^ N * C H 3 c h 3n - ' 'V j^
A 660 nm
Scheme 2.14
4 2
Frydman et a l .^  used this method to determ ine the rates 
of the oxidation of N-alkylputrescines by diamine oxidase.
However the methods which involve the determination of 
the oxygen uptake are still generally used as they can be 
carried out for many substrates . 6 2 *63
Procedures have been developed for the measurement of 
hydrogen peroxide produced as this is a common product in all 
diam ine oxidase reactions.
Booth and Saunders68  developed a peroxidase coupling 
reac tion . U sing hydrogen peroxide, in the p resence of 
peroxidase, guaiacol was rapidly oxidised to a brown-red solid
(7X
from  w hich 2 ,2 '-d ih y d ro x y -3 ,3 ’-d im ethy lb ipheny l (21) was
A
iso la ted .
Sm ith6 9  used this reaction to determ ine the activity o f 
po lyam ine oxidases and d iam ine ox idases. He used a 
colorim etric procedure utilising the peroxidase/guaiacol assay 
which had been adapted to determ ine the hydrogen peroxide 
form ed in the course o f am ine oxidation. The guaiacol 
oxidation products how ever include certain quinones6 8  which 
are generally highly reactive. These may combine with other 
com pounds in the reaction m ixture m odifying the chromogen, 
enzym e or substrate. It is also known that the 1-pyrroline 
form ed from  putrescine in the presence of diam ine oxidase
MeO OH CH OMe 
(2 1 )
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may be oxidised further on addition of peroxidase. Despite the 
po ten tia l com plications how ever the stoichiom etry obtained 
with the various substrates suggests that the method provides 
a reliable estim ate of enzyme activity.
In  1985  S t o n e r 1 *  r e p o r te d  an im p ro v e d  
spectropho tom etric  assay for the m easurem ent o f diam ine 
oxidase activity. This was again based on the am ount of 
hydrogen  perox ide produced to determ ine the enzym atic 
reaction rate. It involves a coupled reaction with 3-methyl-2- 
benzothiazolinone hydrazine (MBTH) (20) with an appropriate 
acceptor such as 3-(dim ethylam ino)benzoic acid (DMAB) (22). 
The coupled reaction depends on the generation of hydrogen 
peroxide by diam ine oxidase. In the presence o f hydrogen 
peroxide and peroxidase, the chromogen MBTH is oxidatively 
coupled to DMAB, forming a purple indamine dye having an 
adsorption maximum at 595 nm (Scheme 2.15).
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, 0
H2N (CH2)4— n h 2 Diamine H2 N -(C H 2)3- ( ;
o x idase  H ►
+ h 2o  + o 2 + h 2o 2 + n h 3
2 . CXs>n-
(20)
Schem e 2.15
N(CH3) 2
NH, +
0 0 CH
+ h 2 0 2
(22 )
P ero x id ase
Vn=n- 4  />
n " c h ,  \ - P
N(CH3) 2
0 0 0 H
^max 595 nm
It has been shown that solutions of MBTH and DMAB will 
react slowly to form the coloured product although blanks have 
been used over the time period o f the reaction to overcom e 
that problem . Stoner showed that this assay system was a 
rap id  and sensitive m ethod o f m easuring diam ine oxidase 
activity with histam ine as the substrate, though it has since 
been shown by us to be a particularly reliable and convenient 
m ethod for determ ining the activity w ith a wide range of 
s u b s tra te s . 7 0 »7 1
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2.15 S u b s tra te  S pecific ity  an d  th e  A ctive S ite
In order to gain information about the active site o f diamine 
oxidases, it is necessary to examine the substrate specificity of 
d iam ine oxidase. Extracts of pea seedlings and partia lly  
p u r if ie d  d iam ine  o x id ase  p rep ara tio n s  m ade th ere fro m , 
catalyse the oxidation o f many aliphatic diam ines. O ther 
substrates include histam ine, agm atine, aliphatic m onoam ines, 
phenylalkylam ines and the dibasic am ino acids lysine and 
ornithine. M ann7 2  concluded that the oxidation of all these 
com pounds was catalysed by one enzym e o f wide substrate 
specificity. These observations were confirm ed when it was 
shown in 1961 that many o f these compounds were oxidised 
by highly purified diam ine oxidase.7-* This enzyme from pea 
seed lings resem bles in substra te  spec ific ity  the d iam ine 
oxidase o f animal tissues which catalyses the oxidation of both 
mono- and di-amines. M onoamines however are less readily 
oxidised than diamines. This indicates the im portance o f the 
second am ino group o f the substrate in the active site of 
diamine oxidase. Although 1,4- and 1,5-diamines were readily 
oxidised, no activity was observed with 1,2- and 1,3-diamines 
with pea seedling diam ine oxidase. The oxidation o f 1,3- 
d iam inopropane how ever was found to be catalysed by the 
anim al enzym e .**2 This im plies that the active sites of the 
enzym es from  plan t and anim al sources are in some way 
d iffe re n t.
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2.16 D ifferen ces in Substrate Spec ific ity  of Pea 
Seedling and Pie Kidney Diamine Oxidase
M acholan used three hydroxydiam ines, 3 -hydroxypentane-1 ,5 - 
d iam in e  (23), 2 -h y d ro x y b u tan e-1 ,4 -d iam in e  (24) and 2- 
hydroxypentane-1,5-diam ine (25) to show different behaviour 
o f plant and animal diamine oxidases .7 4
OH
OH
(25)
He found that 3-hydroxypentane-1,5-diam ine (23) binds 
w ith the low est affin ity  to pea seedling diam ine oxidase 
whereas with pig kidney diam ine oxidase it has the highest 
affin ity . M acholan also reported that pea seedling and pig 
kidney diam ine oxidase showed different behaviour towards C4  
and C 5 hydroxy-diam ines. This dem onstrates that certain  
differences in the structure of the active sites of these enzymes 
may exist.
F rydm an  et a l . 12 s tu d ied  the o x id a tio n  o f  N- 
alkylputrescines and C -alkylputrescines catalysed by diam ine 
oxidase from both the animal and plant sources. N-Methyl-, N- 
eth y l-, N -propyl- and N -bu ty lpu trescine  w ere assayed as
47
substrates o f diam ine oxidases. W ith the exception of N- 
m ethylpu trescine they were found to be oxidised to their 
corresponding aminoaldehydes. This was a strange result and 
probably  an erro r since we have since show n that N- 
m ethylputrescine is a good substrate o f diam ine ox idases . 7 0  
Frydm an also  show ed that C -alky lpu trescines, nam ely 1 - 
m ethy l-, 2 -m ethy l-, 1 -e thy l- and 1 -p ro p y lp u tresc in e  w ere 
oxidised by diamine oxidase though at lower rates than the N- 
alkyl-derivatives. 1,4-Dim ethylputrescine was found not to be 
a substrate of diam ine oxidase. This im plies that secondary 
am ines are  no t o x id ised  by d iam ine o x id ase  to the 
c o r re s p o n d in g  k e to n e s . 1 -P ro p y lp u tre sc in e  and  2- 
m ethylputrescine were oxidised at very different rates by the 
m am m alian and plant oxidases, indicating again that although 
both enzymes have sim ilar catalytic functions they may differ 
in active site geom etries. Therefore diam ine oxidases have 
been shown to have a wide substrate specificity. H ow ever 
differences in the specificities of pea seedling and pig kidney 
diam ine oxidase exist, indicating differences in the enzym e 
active sites.
2.17 Analogues of Diamines Containing Group VI 
Atoms (O. S. Se)
Thiodiam ines, for example lanthionam ine (26) and the oxygen 
analogue (27) w ere ox id ised  with pea seedling diam ine 
o x id ase . 7 5
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H2N n h 2
X = S (26) 
X = 0 (27) 
X = Se (32)
O ther thiodiam ines, like cystam ine (28), hom ocystam ine 
(29) and hom olanthionam ine (30) were shown to be substrates 
of pig kidney diamine oxidase. In the course o f studies . on 
seleno-analogues7 6  o f these sulphur am ines it was observed 
th a t lik e  cy stam in e  (28) and lan th io n am in e  (26), the 
selenocystam ine (31) and selenolanthionam ine (32) were also 
oxidatively deam inated by pig kidney diamine oxidase.
S elen o -h o m o cy stam in e  (33) and se len o -h o m o lan th io n am in e  
(3 4 ) were also shown to be substrates of pig kidney diamine 
oxidase, although they were not oxidised as rapidly as seteno- 
lan thionam ine (32).
X = S (28) 
X = Se (31)
X = S (29) 
X = Se (33)
X = S (30) 
X = Se (34)
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These results together with the work discussed in 2.15 
and 2.16 em phasise the broad substrate tolerance o f diam ine 
ox idases.
2.18 The Requirement of Polvamines for Growth and 
R e p lic a t io n
Poly amines are required for optimal growth in all tested living 
cells. Many studies have shown that rapidly growing cells 
have h igher levels o f polyam ines than slowly grow ing or 
inactive cells. It is also known that the polyamine content in 
the cells increases before an increase in DNA, RNA or protein 
co n ten t.
A fte r  ad m in is tra tio n  o f in h ib ito rs  o f  p o ly am in e  
biosynthesis, the levels of putrescine ( 1 ) and sperm idine (2 ) 
fall rapidly. This decrease is noticed especially in rapidly 
replicating cells where there is a dramatic inhibition of growth 
and replication.
It is c lear therefore that polyam ines are im portant to 
growth and replication of all living cells and that inhibitors of 
the polyam ine biosynthesis can have a dramatic effect on the 
concentration of polyamines in rapidly proliferating c e l l s . 7 7 >5
2.19 Inhibitors of Diamine Oxidase
The inhibition o f enzymatic activity by specific compounds is 
im portant because it serves as a major control mechanism in 
many m etabolic pathw ays. Many drugs act by inhibiting 
enzym atic reactions. Inhibition can also give an insight into
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the mechanism of enzyme action: residues critical for catalysis
can often be identified by using specific inhibitors.
There are two types of enzyme inhibition, reversible and 
irreversible. An irreversible inhibitor dissociates very slowly 
from its target enzyme because it becomes very tightly bound 
to the  enzym e. In co n tras t, rev e rs ib le  in h ib itio n  is 
characterised  by a rapid dissociation o f the enzym e-inhibitor 
com plex. W ithin reversib le inhibition there are two main 
types; com petitive  and noncom petitive  inh ib ition . In 
com petitive inhibition the enzyme can bind the substrate or 
the inhibitor but not both at the same time. The inhibitor 
com petes for the same site, on the enzyme as the substrate.
M any com petitive  inh ib ito rs  are th erefo re  analogues o f 
substrates. A com petitive inhibitor slows down the rate of 
reaction by competing for the same site on the enzyme as the 
natural substrate .
In noncom petitive inhibition the substrate and inhibitor
can bind to the enzyme at the same time. A noncom petitive 
inhibitor acts (in the simplest case, at least) by decreasing the
turnover num ber o f an enzyme rather than the proportion of
enzyme molecules that are bound to substrate (Figure 2.2).
S u b s tra te
E nzym e
C om petitive
inhibitor
Enzym e
S u b s tra te
Enzym e
N oncom petitive
In h ib ito r
Figure 2.2
A study of inhibitors of diamine oxidase could shed light 
on the physiological role of the enzyme and could also indicate 
possible candidates for use as drugs.
Compounds that inhibit diamine oxidase can be classified 
into six different types:
( 1 ) enzyme inactivators;
(2 ) copper chelating agents;
(3) substrate analogues;
(4) substrate inhibitors;
(5) product inhibitors; and
(6 ) suicide substrates.
The first three are the most common and will be discussed in 
m ore detail.
(1) Enzyme inactivators. Enzyme inactivators lead to partial or 
total loss of enzyme activity. Phenylhydrazine, hydroxylamine, 
se m ica rb az id e  and am in o g u an id in e  are  know n enzym e
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inactivators, reacting with the carbonyl function on the enzyme 
at the active site.
(2) C o p p er ch e la tin g  agen ts. 1 ,1 0 -P h en an th ro lin e , 8 - 
h y d ro x y q u in o lin e  and 2 ,2 -b ipy ridy l act as in h ib ito rs  by 
chelating to the Cu(II) present in the enzyme. Azide and 
cyanide can also interact with the Cu(II). It must be noted 
how ever that this involves rem oving som ething from  the 
enzyme and cannot be defined using Figure 2.2.
(3) Substrate analogues. Very good inhibitors are often found 
to be compounds that resemble the structure of the substrates, 
for exam ple putrescine. Comparisons of structure vs. activity 
re la tionsh ips betw een substrates and inhib itors o f diam ine 
oxidase and other enzymes have been made. Often a particular 
change in structure has been seen to bring out m ajor changes 
in reactivity with the enzyme. Substrate analogues o * ia c t  o s  
competitive o f  d ion Me o tf id a se . The rate at which the 
substrate analogue is enzym ically converted into product is 
useful in predicting the possible inhibitor activity.
B ieganski et al.1* explored the structural relationships 
betw een  d iam ine ox idase in h ib ito rs  and  tw o su b stra te s, 
putrescine (1) and histam ine (35), with respect to enzymes of 
d ifferent origins.
( 1) (35)
It was thought as a result o f earlier investigations that 
im idazole and its derivatives inhib ited  m am m alian diam ine
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oxidase and not pea seedling diamine oxidase. By contrast the 
aliphatic diam ine l,5-diam inopentan-3-one was reported as a 
better inh ib itor of diam ine oxidase from pea seedlings than 
from the mammalian source. Amongst the compounds tested 
by Bieganski et alJ% were two classes of compounds, (a) those 
w ith structures resem bling histam ine together with a reactive 
amino group, for exam ple compounds (36) and (37); and (b) 
com pounds com bining histam ine and the aliphatic  diam ine 
structures, for example compound (38).
yX. CH2ONH2 ^  CH2CH2NHNH9
HN 7 ^ HN 7 ^
\ = N  V = N
(3 6 ) (3 7 )
,  c h 2c h 2n h c h 2c h 2n h 2
HN T  
\ =  N
(38)
Com pounds (36) and (37) w ere found to be potent 
inhibitors o f diam ine oxidase from both the m am m alian and 
plant sources. The result showed that the presence of the 
im idazole ring could still lead to inhibition of the pea seedling 
diam ine oxidase.
Compound (38) showed inhibition with the pea seedling 
diam ine oxidase selectively. This may be due to the presence 
of the aliphatic diamine on the side chain of the ring.
Pec and H lid k o v a 7 9  rep o rted  the use  o f 4 ,5 - 
d ihyd ro im idazo le  deriv a tiv es  as in h ib ito rs  o f pig kidney 
diam ine oxidase. The compounds tested included 2-m ethyl-
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4,5-dihydroim idazole (39), natazolin (40), fentolam in (41) and 
anatazolin (42).
R= — H
(39 )
R =
R =  — N'
OH
CHa R =
(41 )
■
CH> ' -----
(42)
All the compounds tested with the exception of (39) were 
shown to be noncom petitive inhibitors o f pig kidney diamine 
oxidase. This means that the inhibition could not be prevented 
by addition o f excess substrate. The compounds studied are 
used in human m edicine as adrenergics (40), antiadrenergics 
(41) and antihistam ines (42).
A nother group of compounds that are particularly potent 
inh ib ito rs  o f diam ine oxidase are the am idines, especially  
am inoguanidine (43).®®
, NH
h 2n - q
n h n h 2
(43)
O ther amidines shown to be inhibitors of diamine oxidase 
include MGBG (44) and pentamidine (45) . 81
HN. f H 3 ,NH
.C - N B N - CH CH NNHCC
h 2n  n h 2
(44)
X>  ^NH-H2
(45)
It is* now thought that am idines are m ore useful as 
inh ib ito rs than the ir corresponding am ines although further 
investigations are required.
2.20  S tereoch em istry  of R eactions C ata lysed  by 
Diamine Oxidase
The oxidation o f the methylene group adjacent to the nitrogen 
atom  is o f v ital im portance in the m etabolism  of prim ary 
amines in a wide range of organisms. The process is also a key 
step in the biosynthesis o f many alkaloids. It is therefore 
im p o rta n t to  u n d e rs tan d  th e  s te re o c h e m is try  o f th e  
tra n sfo rm a tio n .
Battersby et al . 10  in 1974, synthesised (R)- and (S)- 
[m e th y len e -3 H i]b e n z y 1am ines w ith co n fig u ra tio n a l p u ritie s  
greater than 95%. They then proved that pea seedling diamine 
oxidase abstracts the pro-S  hydrogen from the m ethylene 
group o f benzylam ine by observing retention or loss o f the
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tritium  label. S ince then many groups have set out to 
understand the stereochem istry of the oxidation o f diam ines 
catalysed by diamine oxidase.
R ichards and Spenser10 investigated the stereochem istry 
o f the deam ination o f cadaverine catalysed by pig kidney 
diamine oxidase. They employed 2H NMR spectroscopy to show 
that it is the pro-S  hydrogen that is removed by pig kidney 
diam ine oxidase. The enzyme reaction m ixture contained o- 
am inobenzaldehyde (18) which trapped the product o f the 
en zy m ic  o x id a tio n , 5 -a m in o p e n ta n a l, to  y ie ld  3 - (3 ' - 
am inopropyl)quinoline (46) (Scheme 2.16).
2 H-NMR spectroscopy was carried out on the products 
obtained from enzyme catalysed oxidations using (1) (S )-[l-  
2 H i]c a d a v e rin e , (2) (R ) - [ l - 2 H i]ca d av e rin e  and (3) [1,1-
2H2 ]cadaverine to locate the deuterium in the- samples. From 
the spectroscopic studies it was clear that the pro-S  hydrogen 
from C -l of cadaverine was lost in the oxidative deamination. 
This stereospecific ity  corresponds to that o f  the oxidative 
deam ination of benzylam ine to benzaldehyde, catalysed by pea 
seedling diam ine oxidase.
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Battersby et a / . 8 2  also studied the stereochem istry o f 
cadaverine oxidation using pea seedling diamine oxidase. They 
converted 1 -tritium  labelled sam ples o f cadaverine into the 
am inoaldehyde, 5 -am inopentanal, using pea seedling diam ine 
oxidase. A lso in  the reaction  m ixture was an alcohol
dehydrogenase  and ethanol. The aldehyde form ed was 
therefo re  im m ediately converted in to  the m ore chem ically  
stable amino alcohol, 5-am inopentan-l-ol. An added bonus to 
this method was that the amino alcohol produced was also a 
substrate o f diam ine oxidase and was oxidatively deam inated 
under the incubation conditions to form eventually the diol, 
pen tane-l,5 -d io l. In practise a m ixture of amino alcohol and
diol was produced though these were separated by t.l.c. This 
reso lved  the problem  arising w ith the sym m etry o f the 
m olecule which means that either of the two amino groups can 
be o x id ised  in itia lly  by the d iam ine ox idase  enzym e. 
Deam ination o f both amino groups allowed Battersby et al. to 
establish complete loss or retention of the tritium labels. When 
the isotope occupied the S -position o f C -l very little tritium
was observed. The complementary result was obtained when
the isotope occupied the R -position of the C -l o f cadaverine.
The la tte r m ethod for proving the stereochem istry o f the 
oxidative deam ination of cadaverine by pea seedling diam ine 
oxidase com bined with the result by Richards and SpenserlO 
using 2H NMR spectroscopic experim ents and pig kidney 
diam ine oxidase proved that it is indeed the pro-S  hydrogen 
which is removed during the process.
The pro-S  hydrogen has also been shown to be lost in the 
course o f the oxidation, catalysed by pea seedling diam ine 
oxidase, o f (S )-[a -3 H]- and (R )-[a-3H ]-3 '-o-m ethyldopam ine , 10 
(/? )-[a-3 H ]-histam ine8 3  and (5 )- l-a m in o [l-3 H ]-heptane . 8 4
The stereochem ical consistency observed with such a 
wide range o f substrates would appear to confirm that in the
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reac tio n  cata ly sed  by diam ine oxidase, oxidation  o f the 
substrates is accompanied by the loss of the pro-S hydrogen.
2.21 R eg iose lec t iv itv  and S tereose lec tiv ity  in the  
O xidative Deam ination of 2-M ethvl-1.4-diam inobutane  
(2-M ethvl-putrescine) Catalysed bv Diamine Oxidases
Santaniello and co-workers studied the regioselectivity in the 
d iam in e  o x idase  ca ta ly sed  ox id a tiv e  deam ination  o f 2 - 
m e th y lp u tre sc in e  using  d iam ine ox idase  from  d iffe re n t 
sources. The two main sources used were pea seedling and pig 
kidney diam ine oxidase. As discussed earlier, M acholan7 4  
observed differences in the active sites of the enzymes from 
both these sources. Santaniello and co-workers aimed to throw 
more light on the catalytic action of these enzymes, giving new 
inform ation about their regioselectivities.
In 1982 they reported that diam ine oxidase from pea 
seedlings catalysed the oxidation of 2 -m ethylputrescine in a 
reg io se lec tiv e  m anner, w hereas diam ine oxidase from  pig 
kidney show ed no regioselectiv ity  for the same reaction .85 
They observed these differences by condensing the substituted 
1 - p y r r o l i n e s  ( 3 , 4 - d ih y d r o - 2 / / - p y r r o l e s )  w ith  o- 
am inobenzaldehyde. Subsequent oxidation o f the form ed 
quinazolinium  salt afforded 1'- or 2 '-m ethyl-2,3-trim ethylene- 
4(3/f)-quinazolone (47) or (48).
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NMR spectroscopy of the methylquinazolones obtained 
from products of the oxidations, catalysed by pea seedling and 
pig kidney diamine oxidase were recorded. Two doublets were 
observed at 5 1.24 and 1.46 of the same intensity with the 
product from the pig kidney diamine oxidase reaction. W ith 
the reaction  using pea seedling diam ine oxidase only one 
doublet at 6  1.24 accompanied by a minor amount (<10 %) o f the
signal due to the other methyl was observed. At this point
Santaniello and co-workers reported that pea seedling diamine 
o x id ase  o x id ises  2 -m e th y lp u tresc in e  in a reg io se lec tiv e
manner, whereas the enzyme from pig kidney diamine oxidase 
lacks this regioselectivity.
S a n ta n ie l lo  and  c o -w o rk e rs  th en  s tu d ie d  the
s te reo sp ec ific ity  o f the reaction , using (R)- and (S)-2- 
m ethylputrescines as substrates and diamine oxidases from the 
same sources as in earlier w ork.H  The (/?)- and (S)-2- 
m ethy lpu tresc ines w ere syn thesised  from  (/?)- and (S)-3- 
m ethy lad ip ic  acid respectively .*^  The com pounds w ere 
incubated as before and quantitative analyses of the products 
o f  o x id a t iv e  d e a m in a tio n  an d  c o u p lin g  w ith  o- 
am inobenzaldehyde were perform ed by HPLC.
The results obtained showed that pea seedling diam ine 
oxidase catalyses the deamination of 2 -m ethylputrescine at the
6 1
less hindered amino group, independent of the configuration of 
the substrate used, since (48) is preferentially  form ed by 
oxidation o f both (/?)- and (S)- 2 -m ethylputrescine (85% and 
95% respectively). With pig kidney diamine oxidase however, 
the oxidation has two different patterns depending upon the 
configuration of the substrate. With the (fl)-isomer it is the C -l 
p rim ary  am ine tha t is converted  into the corresponding  
aldehyde (95%) w hereas with the (S)-isom er it is the less 
hindered position that is oxidised. This suggests that for the 
enzyme from pig kidney, the deaminating site is more sensitive 
to the configuration of the substrate and in fact this enzyme is 
s te re o se lec tiv e .
It is possible therefore to conclude that in their structural 
requirem ents, the active sites o f diamine oxidases from plant 
and animal sources are certainly different.
It is clear that this is an area which requires much 
further work to understand completely the regioselectivity and 
stereoselectivity of diamine oxidases.
2.22 Applications of Diamine Oxidase
Alkaloids represented by cryptopleurine (8 ) and typhorine (9) 
exhibit various interesting biological activities, including anti­
cancer action. A nalogues o f these com pounds m ight also 
possess this useful activity.
A convenient synthesis of these alkaloids was described 
by C rag g  an d  H e r b e r t . ^  3 ',4 f-D im e th o x y -2 - (2 -  
p ip e r id y l)a c e to p h e n o n e  (49) was found  in Boehm eria  
plactyphylla and B. cylindrica,. It was easily synthesised using
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diam ine oxidase and it served as a key interm ediate in the
sy n th esis  o f cryp to p leu rin e  (8 ). C ondensation  o f 3,4-
Q_ A- e
dim ethoxybenzoylacetic acid (50)87 with „ piperidine, generated
A
situ from cadaverine using pea seedling diam ine oxidase , 2 
gave the alkaloid (49) in high yield. Rapid condensation of 
co m pound  (49) w ith  su b stitu ted  p h en y lace ta ld eh y d es  in 
benzene at room tem perature produced the enamine (51). The 
enam ine function then underwent ring closure with the keto 
group using  selected  Lewis acid  cata lysts , for exam ple 
titanium (IV) chloride and silicon(IV) chloride. Compound (52) 
was form ed after dehydration and reduction. Thallium (III) 
trifluoroacetate was used in effecting the linkage o f the two 
aromatic rings to form cryptopleurine (8 ). A minor product was 
also identified as a cryptopleurine isomer (53) (Scheme 2.17).
The diam ine oxidase catalysed reaction is a key step in 
th is  a lk a lo id  sy n th es is . A nalogues w ith  a lte rn a tiv e  
substituents on ring E (shown in diagram below) might also be 
easily synthesised  by using substituted cadaverine analogues 
in the first step. The size of ring E might also be altered by 
using diam ines o f various carbon chain lengths, for example 
pu trescine and 1 ,6 -hexanediam ine.
H( 8 )
This small alteration in the synthetic route might open 
the way for the formation of many different analogues which 
might have useful biological activity.
o
(5 0 )
N.
CH,0
CH2CHO
OCH
CH3O
CH,0
CHiO
CH3OAJ
(51)
OCH
CH3O
R' = OCH3; R = H; (8)
R* =H ; R = OCH3; (53)
Scheme 2.17 Synthesis of cryptopleurine.
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CHAPTER 3
OXIDATION OF DIAMINES BY DIAMINE OXIDASE
3.1 Enzyme Preparation
3.1a Extraction and Partial Purification of Diamine  
Oxidase from Pea Seedlings
Pea seedling diam ine oxidase was extracted and purified using 
the m ethod described  by H ill.2 Pea seedlings from  the 
'Fillbasket' variety were grown for ca. 10 days. The extraction 
m ethod depends on removing much of the unwanted m aterial 
from the crude extract by precipitation with a 2 : 1  mixture of 
chloroform  and ethanol. The enzyme was then precipitated 
with ammonium sulphate. The solid separated after about 1 h. 
At this point Hill siphoned and discarded the lower liquid. A 
clean separation was not obtained by us after the 1 h of 
standing and therefore it was decided to leave the mixture to 
separate  overn igh t to achieve maxim um  separation. The 
procedure was then carried out as by Hill including further 
am m onium  su lp h a te  p rec ip ita tio n  and d ia ly sis . P artia l 
p u rifica tio n  was ob tained  at this stage and the fu rther 
chrom atographic preparations described by Hill were excluded 
as the protein  obtained at this stage was adequate for our 
purposes. The protein obtained was taken up in phosphate 
buffer (pH 7) and stored in 0.5 ml aliquots in the freezer at ca. 
-20 °C. The enzyme was found to be stable for several months
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with very little loss of activity (For more details of the method 
see the Experim ental section).
3,1b Determination of Protein Concentration
The determ ination  o f protein concentration was carried  out 
using the method of Sedmak and G r o s s b e r g .8 8  This depends on 
the conversion of Coomassie brilliant blue G in dilute acid from 
a b row nish-o range into an in tense blue co lour w ith the 
addition o f protein . The absorbance o f the m ixture was 
m easured im m ediately after the protein was added although 
the colour was found to be stable for about 1 h at room 
tem perature. The method was carried out using bovine serum 
album in (BSA) as the protein standard (1 mg o f BSA is 
equivalent to 1 mg of protein) (For more details of the method 
see the Experim ental section).
The absorbances of the mixture at A620 (blue) and A4 6 5  
(brow nish-orange) were recorded for various concentrations of 
BSA. A standard graph was obtained by plotting A6 2 0 /A 4 6 5  vs. 
protein concentration. This graph was used to determ ine the 
concentration o f protein samples by measuring the A6 2 0 /A 4 6 5  
ratio (Appendix 1).
This assay for the determination of protein concentration 
was highly reproducible and has been shown to detect less 
than 1 pg o f albumin.
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3.1c Slab Gel Electrophoresis
Slab gel electrophoresis was carried out using the m odified 
Laemmli gel system 8 9  on pig kidney and pea seedling diamine 
ox idase .
T h e  p ro te in  sam p les  w ere  p re p a re d  usin g  2- 
mercaptoethanol and were heated in boiling water for 2  min.
The gel was stained using Coom assie blue dye and 
destaining was carried out using 10% glacial acetic acid9 0  (For 
more details of the method see the Experimental section).
The results from the gel are shown in Figure 3.1. This 
show s that both enzym es are heterogeneous consisting  of 
mainly two bands. Therefore both enzymes had impurities and 
no attem pt to purify these enzymes was made.
M olecular weights of the bands were found to be ca.
70.000 and 20,000 (pea seedling diam ine oxidase) and ca.
47.000 and 45,000 (pig kidney diamine oxidase. It is unclear 
w hether all these bands are diamine oxidase or are due to 
im p u rtie s .
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A A 0 A r  A
A: Standard protein markers
(Sigma Dalton Mark VII-L)
B: Various concentrations of pea seedling diamine oxidase
C Various concentrations of pig kidney diamine oxidase
Figure 3.1 Slab gel electrophoroseis
3.2 Enzyme Kinetics
3.2a M ichaelis-M enten Kinetics
For. most enzym es, the rate of catalysis (V) varies with the 
substrate concentration ([S]) as shown in Graph 3.1. The initial 
ra te  o f  p ro d u ct fo rm ation  by the enzym e is d irec tly
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proportional to the substrate concentration. T he rate then
a p p ro ac h e s  sa tu ra tio n  w ith  re sp ec t to the su b s tra te
co n cen tra tio n .
max \
Reaction Rate 
(V) 1/2 Vmax
Substrate Concentration
( IS] )
Graph 3.1 Reaction rate (V) vs. Substrate concentration ([S])
M ichaelis and Menten in 191391 proposed a simple model to 
account for these kinetic characteristics. The main feature is 
th a t a en zy m e-su b stra te  (ES) com plex  is a n ecessary  
interm ediate in the reaction. The model proposed is shown in 
Scheme 3.1.
^  1 ^ c a t
E + S ^  ES -------- ► E + P
k 2
Scheme 3.1
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As shown, once the ES complex is formed it can either go on
and form the product (kcat) or dissociate to give the enzyme
and substrate (k2 ).
An expression to relate the rate o f catalysis to the
concentrations o f substrate and enzyme and the rates o f the
individual steps was required. Starting with equation (3.1),
[ES] needs to be expressed in terms of known quantities. The 
rates of formation and breakdown of ES are given by,
In this model the catalytic rate is assumed to be under steady- 
state conditions. In steady state, the concentration of the 
interm ediates remain the same while the concentrations of the 
starting m aterials and products change. This occurs when the 
rates of formation and breakdown of the ES complex are equal.
V = kcat[ES] (3 .1)
Rate of formation = ki[E][S]
Rate o f breakdown = (k2  + kcat)[ES]
(3 .2)
(3 .3)
ki[E][S] = (k2 + kcat)[ES] (3 .4)
Rearranging equation (3.4) gives,
[ES] = [E][S]/{(k2  + kca, )/ki} (3.5)
By defining a new constant, Km (Michaelis constant).
7 1
K m  —  ( k 2  +  k G a t ) / ( k i )  ( 3 . 6 )
equation (3.5) can be simplified to,
[ E S ]  =  [ E ] [ S ] / K m  ( 3 . 7 )
The concentration of uncombined substrate, [S], is very nearly 
equal to the total concentration of substrate. This is of course 
provided that the concentration o f enzyme is much sm aller 
than the substra te  concen tra tion . The concen tra tion  o f 
uncom bined  enzym e, [E] is equal to the to ta l enzym e 
concentration, [EtL minus the concentration of the ES complex 
[ES].
[E] = [ET] - [ES] (3 .8)
Substituting equation (3.8) into equation (3.7) gives,
[ES] = ([ET] - [ES])[S]/Km (3 .9)
This implies that,
[ES] = [Et][S]/([S] + Km) (3 .10 )
Substituting the expression for [ES] into equation (3.1) gives,
V  =  k c a , [ E T ] [ S ] / ( [ S ]  +  K m ) (3 .11)
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The maximal rate, Vmax, is attained when the enzyme sites are 
saturated with substrate, that is when [S] is much greater than 
Km so,
[S]/([S] + Km) -  1 (3 .12 )
This then gives equation (3.13),
V max = kcat[Ei] (3 .13) 
and substituting equation (3.13) into equation (3.11) gives,
V = Vmax[S]/([S] + Km) (3 .14)
This equation now explains the shape of the curve in Graph 3.1. 
At low substrate concentration, that is when [S] is much 
sm aller than Km, equation (3.14) becomes,
V = Vmax[S]/(KM) (3 .15 )
T herefore the rate  is directly proportional to the substrate 
concentration. However at high substrate concentration, that is 
when [S] is much greater than K m , equation (3.14) becomes,
V = V max (3-16)
The rate is therefore maximal and independent o f substrate 
concentration. From equation (3.14) we get a definition of Km- 
When the substrate concentration is equal to Km then,
73
V — V max/2 (3 .17)
Therefore, Km is equal to the substrate concentration at which 
the reaction rate is half of its maximal value.
3.2b D e te rm in a tio n  of the  Vmax an d  bv V ary ing  the 
S u b s t r a te  C o n c e n tra t io n
The M ichaelis constant, Km, and the maximal rate, V m a x ,  can be 
derived  from  the rates o f catalysis m easured at d ifferen t 
substra te  concentrations if  the enzym e obeys the kinetics 
shown in Scheme 3.1.
The graph o f the M ichaelis-M enten equation, reaction 
rate ( V )  against substrate concentration [S] is not entirely 
satisfactory for the determination of V m a x  and Km- If there are 
not three consistent points on the plateau of the curve at 
d ifferen t substrate concentrations then an accurate value of 
Vmax and hence Km cannot be obtained. Also as the graph 
is a curve, it cannot be accurately extrapolated upwards from
non-saturating values o f substrate concentrations. Linew eaver
and Burk in 193492-  overcam e this problem , not by making 
fresh  assum ptions but by inverting the orig inal M ichaelis- 
Menten equation. Therefore equation (3.14) becomes,
( 1 / V )  =  K M / V m a x ( l / [ S ] )  + 1/Vmax (3 .18)
This is of the form y = mx + c, which means that a plot of y
against x has a slope m and intercept on the y axis of c.
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T herefore a plot o f 1/V against 1/[S] allows the accurate 
determination of Vmax and KM (Graph 3.2).
1 /V
maxintercept = 
- 1 / K m
intercept = 1/V,max
1/[S]
Graph 3.2 Lineweaver-Burk Plot.
H ow ever the accuracy of the Linew eaver-Burk plot has 
been criticised. A simple point is the fact that graphs often
have to be redraw n due to the sometim es unexpected long
extrapolation. More importantly it is said to give undue weight 
to low substrate concentrations and these values are not as 
accurate. Another criticism of the Lineweaver-Burk plot is that 
departures from  linearity  are less obvious than from other
plots, particularly the Eadie-Hofstee plot.93’94 This plots starts
w ith the L inew eaver-B urk equation and both sides of the 
equation are m ultiplied by V.Vmax.
V.Vmax(l/V) = {(K m/V max max +
( l/V m a x )V .V max 
V = ~Km (V/[S]) + Vmax (3 .1 9 )
Again it is an equation of a straight line. Plotting V against 
V/[S] gives the slope, -Km and the intercept on the y-axis, Vmax 
(Graph 3.3).
intercept =
slope = -K]V
intercept = 
/ K mmax'
v/[S]
Graph 3.3 Eadie-Hofstee Plot.
The Lineweaver-Burk plot is still widely used by enzymologists 
in general. Using the Lineweaver-Burk plot together with the 
Eadie-Hofstee plot enables the best values for Vmax and Km to 
be obtained. The most important point is to obtain good data 
covering a wide range of substrate concentrations which then 
spread evenly over the plot used.
7 6
3.2c T he S ignificance of Km and  Y a m  V alues
The M ichaelis constant, KM, is related to the rate constants in 
the individual steps in Scheme 3.1. Consider a rate limiting
case in which k2  is much greater than kcat- 
Under these conditions,
and the dissociation constant of the ES complex is given by,
Therefore, Km is equal to the dissociation constant of the ES 
complex if  k 2 » k Cat- When this condition is met the Km is a 
measure of the strength of the ES complex. A high Km indicates 
weak binding and a low Km indicates strong binding.
The Vmax is the maximal rate and is related to the 
tu rnover num ber o f an enzym e (kinetic constant kcat) in 
equation (3.22),
Km = k2/ki (3 .20)
K e s  =[E][S]/[ES] = k2/ki (3 .21)
Vmax— kcat[Er]
where [E j] = the total enzyme concentration
(3 .22)
3.3 T he A ssay P ro c e d u re
As d iscussed  in C hapter 2, 2.16 there are many assay 
procedures for the m easurem ent o f diam ine oxidase activity. 
For this work it was necessary to be able to determ ine the
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rates o f reaction  for many substrates. The assay used 
therefore m ust involve the measurem ent of a common factor 
from  the enzyme reaction. The spectrophotom etric assay by 
S to n e r14 d e te rm in es  the am ount o f hydrogen  perox ide  
produced from the catalytic oxidative deamination of diamines 
using diam ine oxidase. This was the main assay system used 
throughout this work as it proved to be a very reliable and 
convenient m ethod.
The assay involves a coupled reaction with peroxidase 
and 3 -m ethy l-2 -benzo th iazo linone  hydrazone (M BTH) (20) 
with the acceptor, 3-(dimethylamino)benzoic acid (DMAB) (22). 
In the presence o f hydrogen peroxide and peroxidase, the 
chromogen MBTH is oxidatively coupled to DMAB, forming a 
purple indam ine dye having an adsorption maximum at 595 
nm (Scheme 3.2).
N(CH3)2
(20) (2 2 )
P erox idase
'r
k j )  N(CH3)2
OOOH
Scheme 3.2 The Spectrophotom etric A ssay14
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The ra tes o f reaction  were determ ined d irectly  from the 
spectrophotom eter. The form ation of the dye was initially 
calibrated using standard solutions o f hydrogen peroxide.
Stoner discussed the possibility of MBTH as an inhibitor 
o f  diamine oxidase. He kept this inhibition to a minimum by 
controlling the concentration of MBTH. In addition, it was 
found that initiating the reaction by the addition of enzyme 
so lu tio n  to the therm ally  eq u ilib ra ted  reaction  m ixture, 
followed imm ediately with the addition o f substrate decreased 
the possibility  o f inhibiting effects (For more details o f the 
assay see the Experimental section and Appendices 2 and 3).
To be sure of the validity of the assay system certain 
control experiments were required. To confirm the accuracy of 
the m ethod described, it was necessary to carry out the test 
with histam ine and pig kidney diamine oxidase as used in the 
original studies by Stoner.14 A K m  value of 2.64 x 10-5 M was 
observed compared with 2.90 x 10"^ M, the result obtained by 
S toner.
It has been assumed that the O2 content of the assay
system is not a limiting factor and so the oxygen concentration 
in our reaction vessel was not controlled. Experiments showed 
that when samples degassed to 25% O2 saturation were used, 
no d ifference was observed on the m easured rates. This 
confirm ed that the O2  level in the reaction vessel was not a 
limiting factor in the rate of reaction.
The reaction with cadaverine as the substrate was also
carried out using an oxygen electrode to measure the rates.
This m ethod is widely used but it was found not to be as
convenient as the peroxidase-coupled assay. H ow ever the
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method was used to show that both assays produced the same 
results. Similar rate data and Km values were obtained as with 
the spectrophotom etric assay. This confirms the validity of the 
la tte r  assay  (For m ore details  o f the m ethod see the 
Experim ental section and Appendix 4).
Using the spectrophotom etric assay system in all cases 
M ichaelis-M enten behaviour9! was observed. Rate data were 
analysed  for Vmax and Km by least squares fitting  o f 
Linew eaver-Burk (1/V vs. 1/[S])92 and Eadie-Hofstee plots (V 
vs. V /[S]).93’94 The experiments were carried out three times 
with each substrate and data are quoted as an average of the 
th ree  determ inations.
3.4 O x id a tio n  o f P u tre sc in e  an d  V -A lk v lp u tre sc in es  bv 
D iam in e  O x id ases
3 .4 a  I n t r o d u c t io n
Frydman et al.12 recently reported studies on the oxidation of 
putrescine (1) and the A/-alkylputrescines (54) - (56) catalysed 
by both pea seedling and pig kidney diamine oxidase
H2N(CH2)4NHR
(1) R = H;
(54) R = CH3:
(55) R = C2H5;
(56) R = C3H7 ;
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They obtained an unusual and unexpected result for which no 
explanation was given. A-M ethylputrescine (54) showed little 
or no apparent substrate activity with either enzyme, whereas 
N -ethy lpu trescine  (55) and other h igher hom ologues were 
o x id ise d  re a so n a b ly  e ff ic ie n tly  to  the  c o rre sp o n d in g
am inoaldehydes. This was a surprising result due to the 
known susceptibility to oxidation of N -m ethylputrescine in a 
num ber o f p lan ts  includ ing  Nicotiana tabacum , Datura 
stramonium and Atropa belladonna,95 These experim ents by 
Frydm an w ere repeated by N er70 using the same assay as
Frydm an. She found that N-m ethylputrescine is a reasonable 
substrate for both forms of diamine oxidase.
To confirm this result it was decided that an alternative
assay system should be used. The bishydrazone method used 
by Frydm an and by Ner produces results that may not be 
accurate as the rate is recorded after the first thirty minutes of 
the reaction . A fter this period o f tim e the reaction  is 
essentially complete for good substrates and the same amounts 
o f bishydrazone are recorded in these cases, illustrating the 
in ad eq u a te  n a tu re  o f th is assay . T h erefo re  these N- 
alkylputrescines (54)-(56) were assayed as substrates o f both 
forms of diamine oxidases (pea seedling and pig kidney) using 
the p e ro x id ase  coup led  a s sa y 14 w hich co n cen tra tes  on 
recording the initial rates of reaction over a shorter period of 
tim e.
3 .4b  S y n th e s is  o f A -A lk v lp u tre sc in e s
The N-alkylputrescine dihydrochlorides were prepared by A. B. 
W atson as described,96 and purified by recrystallisation o f the 
dihydrochlorides to give literature m.p.s and correct analytical
data (Scheme 3.3).
/ °
P h - C * '  + R — NH2 
H
P h  C
H
NR
HoO
NaBH* MeOH,5°C
H (CH^CN Br(CH2)3CN H
P h - C — N ------- R
H
P h - C — NHR
H
10% Pd-C
EtOH, cone HC1
H
H2N—  (CH2)3—  c -  NHR 
H
(5 4 )-(5 6 )
2HC1
PhCHo
(54) R = CH3 , (55) R = C2 H5
(56) R = C3H7
Scheme 3.3 Synthesis o f W -alkylputrescine dihydrochlorides.96
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3.4c R esu lts  an d  D iscussion
It was verified by the peroxidase ..coupled assay (Table 3.1), 
that the oxidation of V-methylputrescine is catalysed by both 
enzym es. This again contradicts the results obtained by 
F r y d m a n .  ^  The conflict of results is difficult to explain, but 
could be due to the purity of the V-methylputrescine used by 
Frydman et al. There may have been an inhibitory impurity in 
the  o rig in a l N -m eth y lp u tresc in e  p rep ara tio n  causing  no 
oxidation to be observed.
Analysis of the kinetic parameters ( K m  and Vmax) for the 
pea seedling diam ine oxidase reaction (Table 3.1) shows that 
the con tinu ing  decrease in the ca ta ly tic  effic iency  w ith 
increasing bulk in subsistuents arises from changes in catalytic 
rate constant (Vmax) rather than binding efficiency ( K m ) .  There 
is a rapid decrease in V max as the size of V-alkyl group is 
increased, whereas the Km values stay constant at about 1 mM 
throughout the group of substrates (Table 3.1).
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S u b s tra te Pea Seedling DAO Pie Kidnev DAO
Km Ymax Km Vmax
Putrescine ( i ) 1.18 1170 0.43 0.030
(±0.37) (±220) (±0.17) (±0.005)
W -M ethyl- 1.12 211 1.34 0.011
putrescine (54) (±0.14) (±24) (±0.28) (±0.002)
W -Ethyl- 1.17 3.1 - <0.002
putrescine (55) (±0.40 (±0.3)
A -P ro p y l- 0.68 0.26 - <0.002
putrescine (56) (±0.22) (±0.06)
U nits Km : mM
Vmax : nm ol/m g/hr 
Table 3.1 Km and Vmax values for oxidation of putrescine and 
V -alky lpu trescines catalysed  by diam ine oxidase from pea 
seedlings and pig kidney at 25 °C and pH 6.3.
These results suggest that the active site of pea seedling 
diam ine oxidase is relatively uncrowded, at least at the distal 
end o f the substrate. As the binding affinity does not vary 
significantly within the group of N-alkylputrescines tested it is 
thought that the substrate selectivity in the enzyme exists in 
the catalytic mechanism rather than the binding affinity. The 
decrease in Vmax values observed as the size of W-alkyl 
subsistuent increases may be due to inhibition o f im portant 
conform ational changes in the catalytic step of the enzyme by 
the bulky su b stitu en ts. A lso, due to th e ir  bulk , the
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substituents may lim it the access of other reactants to the 
active site of the enzyme.
It was not possible to obtain complete kinetic data for all 
the substrates listed  in Table 3.1 w ith pig kidney diam ine 
oxidase. This was due to the very low specific activity of this 
enzyme. It is not known whether this is due to the impure 
state o f the enzyme preparation or an underlying property of 
the enzym e itself.
The K m values from both enzyme sources should be 
unaffected by protein impurities and it was noted that the Km 
values were very similar for substrates which could be studied 
for both enzymes. However the difference in the reactivities of 
putrescine and N-m ethylputrescine is not as significant with 
the pig kidney diamine oxidase and arises from a combination 
o f changes in both binding affinity and catalytic rate.
From  the resu lts obtained on the oxidation o f N- 
alklputrescines it appears possible that the two enzymes from 
q u ite  d iffe re n t sources may em ploy a lte rn a tiv e  k inetic  
strategies for molecular recognition of diamine substrates.
This work has been published in preliminary form70 and 
as a full paper.71
3,5  O x id a tio n  o f C a d a v e r in e  a n d  A n a lo g u es  by 
D iam in e  O x id ase
3 .5 a  I n tr o d u c t io n
'•V
As d iscussed  earlie r (C hapter 2, 2.1) Frydm an and co- 
w o rk e rs 12 a lso  exam ined  the o x id a tio n  ra te s  o f C-
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alkylputrescine derivatives. These putrescine analogues were 
reported to be oxidised by diamine oxidases at lower rates 
than the A -alkylputrescines.
It was decided to synthesise C-alkylcadaverine analogues 
for testing as substrates of diamine oxidase. Cadaverine is also 
an im portan t substrate  o f diam ine oxidase in polyam ine 
m etab o lism .
A n aly sis  o f these  resu lts  shou ld  p ro v id e  fu rth e r 
inform ation  on the active sites o f the enzym e from both
sources.
3 .5b  S y n th esis  o f C a d a v e rin e  an d  A nalogues
C adaverine analogues (57)-(60) were made from' substituted 
g lu taric  d iacids or anhydrides. The first step involved  
red u c tio n  to  the corresponding  d io ls using d iborane in 
tetrahydrofuran (Scheme 3.4). The diols were then purified by 
d is tilla tio n . The d im ethanesulphonates o f the diols were 
form ed using m ethanesulphonyl chloride and trie thy lam ine. 
T he d im ethanesu lphonates w ere purified  by cry sta llisa tio n  
from  diethy l ether. The diazides were then form ed via
nucleophilic substitution by the azide ion from sodium azide. 
The diazides form ed were essentially pure by t.l.c. W ithout
fu rther purifica tion  the diazides were hydrogenated in the 
p resence  o f pallad ium  on carbon and a few drops o f
concentrated hydrochloric acid. The diamine dihydrochlorides 
w ere form ed and were recrystallised  from aqueous ethanol 
and acetone (Scheme 3.4).
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R , ^ X ^ R 4 BH3.TOF
Ro^  ^Rr
HOOC OOCH HO OH
1. MsCl
2. EUN
R
N'
Ro R-, N aN 3/ p D R 2 " w  ^ 3  n  J K?s. ^  R 3
\ r/ \ i/ R 4 DMSO R , ^ > < j  R4J L, — J I•N3
H 2/P d /C  
few drops of 
i r conc. HC1
r . ' Y >< 5 r 4
H2N— *— NH2 -2HC1
(7) R, = R 2 = R3 = R4 =H ;
(57) R, = R2 = R4 = H; R3 = CH3;
(58)R , = R4 = H; R2 = R3 =C H 3;
(59) R, = R4 = H; R2 = OH; R3 = CH3;
(60) Rj = R4 = CH3; R2 = R3 = H;
OMs
OII
Ms = —  SCH3 
ii J
o
S chem e 3.4 S y n th esis  o f C adaverine  and S u b stitu ted  
C adaverines.
3 - P h e n y lc a d a v e r in e  d ih y d ro c h lo r id e  (6 1 ) w as 
synthesised  using an alternative m ethod. 3-Phenylpentane- 
1,5-diol was formed by reduction of the corresponding glutaric 
acid. Conversion o f the diol into the diamine dihydrochloride 
was carried out by the procedure of Golding and co-workers97 
via the diazides and purified in a similar manner as before.
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2-M ethylcadaverine (62) was available from Aldrich and 
c o n v e rte d  in to  the d ih y d ro c h lo rid e  and p u rif ie d  by 
r e c ry s ta l l is a t io n  as b e fo re . 3 -F lu o ro ca d a v e rin e  (63) 
dihydrochloride was prepared for our use by A. M. Brown.98
F
(6 2 ) (63)
C orrect analy tical data were obtained for all the diam ine 
dihydrochlorides (57)-(63) prepared.
3.5c R esu lts  an d  D iscussion
Using the peroxidase-coupled spectrophotom etric assay kinetic 
param eters for each substrate w ith pea seedling d iam ine • 
oxidase were obtained (Table 3.2). H ow ever only a few 
substrate system s could be investigated for the pig kidney 
enzyme because of the poor specific activity of the commercial 
p ro d u c t.
W ithin the range of cadaverine analogues the Km values 
were slightly smaller than those of putrescine but again did not 
vary much within the series. Differences in the rates in the 
cadaverine series were observed with pea seedling diam ine 
oxidase. Oxidation of cadaverine (7) was ten times faster than 
3-m ethylcadaverine (57) which in turn was ten-fold faster 
than 3 ,3 -d im ethy lcadaverine  (58). H ow ever 3-hydroxy-3- 
m ethylcadaverine (59) gave a rate  three tim es that of 3-
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m eth y lcad av erin e  (57). 3 -F luorocadaverine  (63) and 3- 
phenylcadaverine (61) gave rates sim ilar to the 3-hydroxy-3- 
m ethy lcadaverine (59).
2 ,4 -D im ethylcadaverine (60) appeared to be a better 
substrate than 3,3-dim ethylcadaverine (58) (Table 3.2).
From the results it is clear that the substrate activity of 
this enzym e is particularly  sensitive to substitution of the 
central 3-position.
This w ork has been published along with the work 
carried  out w ith putrescine (1) and the N -alkylputrescines 
(5 4 )-(5 6 )7 1
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DAO
S u b s tra te  
Cadaverine (7)
3 -M e th y l-  
cadaverine (57)
3 .3 -D im eth y l-  
cadaverine (58) 
3 -H y d ro x y -3 -  
m e th y l-  
cadaverine (59) 
3 -F lu o ro - 
cadaverine (63)
3 -P h e n y l-  
cadaverine (61) 
2 -M e th y l-  
cadaverine (62)
2 .4 -D im e th y l-  
cadaverine (60)
Pea Seedling DAO
Km Ymax
0.24 2680
(±0.07) (±410)
0.60 260
(±0.02) (±70)
0.61 38
(±0.06) (±4)
0.23 770
(±0.03) (±150)
0.15 754
(±0.06) (±135)
0.36 1144
(±0.06) (±130)
0.26 1250
(±0.03) (±130)
0.30 300
(±0.05) (±30)
Pig Kidney 
Km Ymax
0.91 0.18
(±0.35) (±0.07)
<0.008
<0.004
<0.008
<0.004
pm ol/m g/hr
U nits Km : mM 
Vmax •
Table 3.2 Km and Vmax values for oxidation of cadaverine and 
substitu ted  cadaverines catalysed by diam ine oxidases from 
pea seedlings and pig kidney at 25 °C and pH 6.3.
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3.6 O x id a tio n  o f D iam ines w ith C a rb o n  C h a in  L eng th  
fro m  2 to  12 by Pea Seedling D iam ine O xidase
3 .6 a  I n tr o d u c t io n
The best substrates for diam ine oxidase are known to be 
pu trescine (1) and cadaverine (7). E thane-1,2-diam ine (64) 
and propane-1,3-diam ine (65) have been assayed as potential 
substrates o f diam ine oxidase from pea seed lings . 6 2  By 
m easuring the uptake of O2 Hill and Mann observed no O2 
uptake with ethane-1,2-diam ine (64) and propane-1,3-diam ine 
(65). H exane-1,6-diam ine (6 6 ) was also tested and it was 
shown to be a reasonable substrate of diamine oxidase. This 
was an interesting result and further investigation in this field 
was necessary to determ ine the effect o f chain length of 
diam ines on Km and Vmax values with pea seedling diamine 
oxidase .
U sing the sensitive peroxidase-coupled  assay system , 
data were collected by us for a range of oc,to-diamines with 
carbon chain lengths o f two to twelve. Using this more 
sensitive assay the substrates which previously showed no 
oxygen uptake w ere exam ined more closely. The kinetic 
param eters of the enzyme catalysed reactions with diamines of 
larger chain lengths (66)-(71) when analysed should provide 
more information on the steric constraints of the active site.
9 1
3 .6 b  P r e p a r a t io n  o f D ia m in e  D ih v d ro c h lo r id e s
T he d iam ines w ere availab le  from  A ldrich , and they w ere 
c o n v e rted  in to  th e  d ih y d ro c h lo rid e  sa lts  and  p u rif ie d  by 
rec ry s ta llisa tio n . A pprop ria te  an a ly tica l data  w ere ob ta ined  
for all d iam ine (64)-(71) d ihydrochlorides used as substrates 
in the assay.
3 .6 c  R e s u lts
M ich aelis-M en ten  k ine tics  w ere ob ta in ed  for each su b stra te  
[(64)-(71), (1) and (7)] with pea seedling diam ine oxidase.
H2N(CH2)nNH2
n = 2 (64); n = 3 (65); n = 4 (1); n = 5 (7); n = 6  (6 6 ); 
n = 7 (67); n = 8  (6 8 ); n = 9 (69); n = 10 (70); n = 12 (71);
The resu lts are shown in Table 3.3 and are clearly represented 
in G raph 3.4 - Km vs. Chain length o f substrate and V max vs. 
Chain length for substrate.
The first point to note from  Table 3.3 is that ethane-1,2- 
d iam ine (64) and propane-1 ,3 -d iam ine (65) have s im ilar K m 
values and  bo th  are substra tes, a lthough  w ith low activ ity . 
From  graph 3.4, the p lot o f Km v s. chain length values shows 
that the binding efficiency increases rapidly as the chain length 
is increased  from  three and levels o ff  w ith the best binding 
observed  fo r chain  lengths five to  seven. A pparent substrate 
a ffin itie s  then  d ec rease  to  a m inim um  at n ine  and  then
9 2
increase again slightly. The rates also show strong dependence 
on chain  length  w ith  the m axim um  ra te  observed  w ith  C 5 
(cadaverine). This trend  resem bles that w ith the d ifficu lty
encoun tered  in form ing m edium  sized rings, particu la rly  ring 
sizes eight and n in e ."  Both probability  (entropy) and energy 
(strain) factors in fluence the ease w ith w hich these rings are
form ed. R ings with five or six carbons are relatively  easy to
form  and longer chains experience h igher entropy barriers and 
steric  h in d ran ce . 1 0 0  T his may explain  the sim ilar d ifficu lty
observed w hen diam ines bind to diam ine oxidase. It suggests 
th a t the  m echan ism  fo r  th e  d iam in e  o x id ase  reco g n itio n
process invo lves b inding  o f bo th  substrate am ine groups (by
im ine fo rm ation  or non -covalen t in terac tions) to  the  enzym e
form ing a cyclic structure.
As both  Km and V m a x  values show sim ilar chain length 
dependence, it suggests »%t>wo stage equilibrium  m odel for the 
process (Schem e 3.5)
^ 1  ^ 2  ^ c a t
E + S ES ES*------- ► E + P
Scheme 3.5 where K i =[E][S]/[ES] and K2  = [ES]/[ES*] and are the 
equ ilib rium  constan ts fo r substra te  b ind ing  and in te rm ed ia te  
form ation , and kcat is the ra te  constant for the (irreversib le)
cataly tic  step.
The first step in Schem e 3.5 may xepresent the in itial binding 
o f one o f the am ino groups o f the substrate  to the enzym e.
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This is unlikely to be dependent on carbon chain length. The 
second step may therefore involve cyclisation  and the binding 
o f the second am ino group to the enzyme. This would explain
the results obtained. The second step w ould be very d ifficu lt
for sm all chain lengths (eg. 2 and 3), and optim al w ith chain 
lengths 5 and 6 .
For this model we can show that:
Km = K iK 2/(1 + K2) a n d  V max = kcat/( l  + K2)
Therefore both Km and V max depend on K2. If the second
step is d ifficu lt (cyclisation) ie. K 2  is large then V max w ill be 
sm all and  Km w ould be ca. K \.  This rep resen ts the w eak 
binding in the first stage. H ow ever i f  the cyclisation is easy 
then the V m ax will be large and the Km is smaller as K2  is small.
T he m odel agrees w ith  the resu lts  obtained  show n in 
Table 3.3 and Graph 3.4.
This w ork has been subm itted for pub lica tion . 101
9 4
S u b s t r a te  V_max
E th an e -1 ,2 -d iam in e  (64) 2 .8 1  5 5
(±0 .64) (+3)
P ro p an e -1 ,3 -d iam in e  (65) 3 .01  16
(+0.44) (+1)
P u trescine  (1) 1 .18  1 1 7 4
(+0.37) (+ 219)
C adaverine (7) 0 .2 4  2 6 3 6
(+0.06) (+ 336) .
H ex an e-1 ,6 -d iam in e  (66) - 0 .1 0  8 0 0
(+0.04) (+77)
H e p tan e -1 ,7 -d iam in e  (67) 0 .2 0  4 5 5
(+0.10) (+74)
O ctan e-1 ,8 -d iam in e  (68) 0 .8 2  2 2 9
(+0.35) (+61)
N o n an e-1 ,9 -d iam in e  (69) 1 .6 6  2 6 2
(+0.95) (+61)
D ecan e-1 ,1 0 -d iam in e  (70) 1 .1 7  2 0 0
(+0.30) (+32)
D o d ecan e-1 ,1 2 -d iam in e  (71) 0 .6 5  2 0 5
(+0.26) (+52)
U n its  Km : mM
Vmax : pm ol/m g/hr 
S tandard  dev iations in paren theses
T able 3.3 Km and Vmax values for oxidation o f diam ines with 
carbon chain  leng th  2-12 cata lysed  by diam ine oxidase from  
pea seedlings at 25 °C and pH 6.3.
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CHAPTER 4
INHIBITORS OF DIAMINE OXIDASE
4.1 Enzym e K inetics
M e a su re m e n ts  o f  th e  ra te  o f  c a ta ly s is  a t d if f e re n t  
c o n c e n tra tio n s  o f  su b stra te  and  in h ib ito r  w ith  an enzym e 
p ro v id e  in fo rm ation  to  d istin g u ish  betw een  com petitive  and 
n o n -co m p etitiv e  in h ib itio n .
In com petitive inh ib ition  the in tercep t on the y-ax is o f 
the p lo t o f  1/V vs. 1/[S] (L inew eaver-B urk plot) is the same 
w ith or w ithout inhib itor present. The in tercept corresponds to 
the V max and it is therefo re  not a ffected  by a com petitive  
inh ib ito r (G raph 4.1). This shows that com petitive inh ib ition  
can be overcom e by a high concentration o f substrate because 
at th is  p o in t, v irtu a lly  a ll the ac tiv e  sites are f illed  by 
s u b s tr a te .
+ Com petitive inhibitor
No inh ib ito r present
1 /V
in tercep t = 
vv max
i
1/[S]
G raph 4.1 C om petitive  Inh ib ition : D ouble rec ip rocal p lo t o f  
enzym e k ine tics
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T he d iffe ren ce  in slope w hen the in h ib ito r is p resen t
indicates the difference in binding.
T he L inew eaver-B urk  equation;
1 /V  =  1 /V max + K M/V max( l / [ S ] )  ( 4 . 1 )
is rep laced by;
1/V  =  1 /V max + K M/V max (l + [ I ] /K i) l / [S ]  ( 4 . 2 )
W here [I] is the inh ib ito r concen tration  and Ki is the 
d isso c ia tio n  co n stan t o f  the en zy m e-in h ib ito r com plex . In 
o ther w ords,
(slope)V(slope) =  1 + [I]/K i (4 .3 )
(slope)1 = the slope o f the line when com petitive inh ib ito r is 
p r e s e n t .
(slope) = the slope o f the line w ithout inhibitor.
In  non -com petitive  inh ib ition  the Vm ax is decreased  to
Vmax1 so the intercept on the y-axis is increased (Graph 4.2).
9 8
N oncom petitive inhibitor✓ +
1 /V
No inh ib ito r present
1/IS]
G raph 4.2 N on-com petitive Inhibition: D ouble reciprocal p lo t o f 
enzym e k inetics.
The slope w hich is equal to Km / V ^ x1 is larger by the sam e 
factor. In this case K m is not altered. The maximum velocity in 
the presence o f a non-com petitive inhibitor is given by,
Vmax* = Vmax/(1 + [I]/kO (4-4)
N on-com petitive  inh ib ition  cannot therefo re  be affected  by a 
h igh su b stra te  concen tration .
4.2 The Assay Procedure for Inhibition Studies
Inh ib ition  stud ies w ere perform ed using the sam e perox idase- 
coupled  spectrophotom etric  assay procedure as b e fo re .14 The 
d ifference w as that a constant am ount o f  inh ib ito r w as added
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fo r each experim ent. A typical inh ib ition  study consisted  o f 
three or four experim ents. For exam ple;
(a) S ubstrate only
(b) Substrate + [I]
(c) Substrate + 2[I]
(d) Substrate + 4 [I]
w here [I] = substrate concentration.
E v ery  in h ib it io n  e x p e r im e n t w as a c c o m p a n ie d  - by 
m easurem ents w ith no inh ib ito r p resen t to p rovide a standard  
fo r com parison as experim ental values fo r each oxidation  can 
vary slightly from  day to day.
As discussed in 3.3 the reaction w ithout inh ib ito r p resent 
was in itia ted  w ith addition o f enzym e im m ediately follow ed by 
substrate. In the case with inh ib ito r present the inh ib ito r was 
added after the addition  o f the enzym e and was im m ediately  
follow ed by addition o f  substrate (See A ppendix 5). This was 
do n e  to  av o id  the fa s te r  o x id a tio n  o ccu rrin g  b e fo re  the 
in h ib ito r was present.
4.3 In h ib itor  Studies w ith P utrescine and C adaverine  
A n a lo g u e s
4 .3a  In tro d u ctio n
A num ber o f  p u tresc ine  and cadaverine  analogues d iscussed  
earlier in 3.4 and 3.5 w ere shown to be substrates for diam ine 
oxidase. F or som e o f  these analogues, although they bound 
well to the enzym e, the rate of the oxidation was much slow er
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than w ith the natural substrates. This condition  is a good 
req u irem en t fo r co m p e titiv e  in h ib ito rs . M any co m p e titiv e  
inh ib ito rs are substrate  analogues. It is useful to know  the 
rate o f oxidation  o f the substrate  analogue w hen determ ining 
how w ell it w ill inhibit the enzym e activity.
4.3b Synthesis o f Inhib itors
The pu trescines and cadaverine analogues w ere synthesised  as 
d iscu ssed  in C hap ter 3 (3.4b, 3.5b). A ppropria te  analy tica l 
data w ere obtained for all o f the com pounds tested.
4.3c R esults and D iscussion
T he com pounds selected  for testing  as inh ib ito rs o f  d iam ine 
oxidase from  the range o f putrescine and cadaverine analogues 
o rig inally  tested  as substrates w ere the d ihydrochlorides o f N- 
propy lpu tresc ine  (56) and 3 ,3 -d im ethy lpu trescine  (58). T hese 
com pounds w ere chosen as they both had binding affinities (K m  
values) o f  sim ilar m agnitude to the natural substrate  w ith the 
enzym e and  they also  had  very p o o r ra tes  o f  o x id a tio n . 
T h erefo re  they possessed  the requ irem ents for a com petitive  
in h ib ito r .
(1) N -Propylputrescine (56). This was first tested  as an 
in h ib ito r o f  pea seedling d iam ine oxidase w ith pu tresc ine  as 
the substrate. Results showed that w ith addition o f up to 5 mM  
o f W -propylputrescine the Vmax show ed no change. H ow ever 
the  ra te  o f  o x id a tio n  d id  ch an g e  w ith  lo w er su b s tra te  
co n cen tra tio n s bu t not in a system atic  m anner. T h is does
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su g g est h o w ev er th a t N -p ro p y lp u tre sc in e  (56) may be a 
com petitive inhibitor o f pea seedling diam ine oxidase.
(2) 3 .3 -D im eth v lcad av erin e  (58) 3 ,3 -D im eth y lcad av erin e
(58) w as then  tested  firs t as an in h ib ito r o f  pea seed ling  
d iam ine oxidase w ith pu trescine as the substrate. The results 
obeyed M ichaelis-M enten  k inetics. They are rep resen ted  in 
G raph  4.3 show ing  tha t 3 ,3 -d im eth y lcad av erin e  (58) is a 
com p etitiv e  in h ib ito r o f  d iam ine ox idase w ith p u tresc in e  as 
su b s tra te . Ki v a lu es a re  show n in  T a b le  4 .1 . 3 ,3 -
D im ethylcadaverine (58) was then tested as an inhib itor o f  pea 
seed ling  d iam ine  ox idase  w ith  cadaverine  as the substra te . 
A g ain  3 ,3 -d im e th y lc a d a v e r in e  (58) w as show n to  be a „ 
com petitive inh ib ito r o f diam ine oxidase as the data obtained  
are consisten t w ith w hat is expected for com petitive inh ib ition  
(G raph 4.4).
T he  in h ib itio n  co n s ta n ts  (K i) o b ta in e d  from  such  
ex p e rim en ts  a re  co m p arab le  to  the  K m va lues o f  th ese  
com pounds w hen assayed  as substrates. F or exam ple w ith 
cad av erin e  (7) as substra te  and 3 ,3 -d im eth y lcad av erin e  (58) 
as inh ib ito r, the Ki value was 0.71 mM com pared to the Km 
value o f  0.61 (±0.06) fo r 3 ,3 -d im ethy lcadaverine  (58) as a 
s u b s t r a te .
-4
1/V x 10 102
120- .
[I] =  4 mM
100 -
|T| =  0 mM
[T| =  2 mM
12
1/[S]
G raph 4.3 D ouble reciprocal p lo t o f  enzym e kinetics. Inhibition 
o f  o x id a tiv e  deam in atio n  o f  p u tre sc in e  using pea  seed lin g  
d iam in e  o x id a se  w ith  3 ,3 -d im e th y lcad av e rin e  (58) as the  
inhibitor. [I] = inhibitor concentration.
1/V X 10 
80-,
103
[TJ =  4 mM
[I] =  2 mM
(T| =  1 mM
o T
1/[S]
G raph 4.4 D ouble reciprocal plot o f  enzym e kinetics. Inhibition 
o f  o x id a tiv e  deam ination  o f  cadaverine  using  pea  seed ling  
d iam in e  o x id a se  w ith  3 ,3 -d im e th y lcad av e rin e  (58) as the 
inhibitor. [I] = inhibitor concentration.
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S u b s t r a t e Inh ib ito r  C oncentra tion  Ki value
2 0 .41
P u t r e s c in e
4 0 .2 4
1 0 .6 9
C a d a v e r in e 2 0 .7 2
4 0 .7 3
Units: mM
Table 4.1 Inhibition Constants (Ki) for competive inhibitor, 3,3- 
d im ethylcadaverine with pea seedling diamine oxidase.
An added  ben ef it  o f  using 3 ,3 -d im ethy lcadaver ine  to 
inh ib it d iam ine  oxidase in vivo is that its susceptib lity  to 
d iam ine oxidase oxidation will limit its active lifetime in the 
b io lo g ica l  system . D ue to th is , the po ten tia l ly  harm fu l 
conditions caused by the addition o f  these compounds can be 
avoided in the more sensitive tissues.
4.4  A -A lk v la te d  C om p ond s  as In h ib i to r s  of  Pea  
Seedling Diamine Oxidase
A. A. D e n h o lm 1 0 2  syn thesised  a g roup o f  A -(am inoalky l)-  
p iperid ines (72) and (73) and their corresponding piperidinium  
salts (7 4 ) and (7 5 ) and assayed them as substrates o f  pea  
seedling d iam ine oxidase using the peroxidase coupled assay 
s y s t e m . 14
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It was clear from these results that all o f  the compounds 
te s te d  w ere  su b s tra te s  o f  pea  seed ling  d iam in e  ox idase , 
a lthough they showed low activity. It was also found from
■vlT*.
these results that this group of com pounds actually bind as 
w ell as [/V-(aminoalkyl)-piperidines (72)-(73)] or be tte r  [(N-
( a m in o a lk y l) -p ip e r id in iu m s  (74)-(75)] th an  c a d a v e r in e  or 
putrescine. These results are shown in Table 4.2.
A ll these  com pounds could  p rove  to be  very good
inh ib ito rs  due to their  low rates- o f  oxidation  and binding 
affinities (Km).
iV-(Aminopentyl)piperidine (73) was tested by us as an 
inh ib ito r  o f  pea seedling diam ine oxidase with cadaverine as 
the substrate . A -(A m inopenty l)p iperid ine (73) is com parable  
to cadaverine  in chain length. The results  ob tained obeyed 
M ichaelis-M enten  kinetics with inhib itor concentrations o f  0.4 
mM and 0.8 mM and gave a Ki value o f  1.21 mM. This
in h ib i t io n  is n o t  as g re a t  as o b s e rv e d  w ith  3,3-  
dim ethylcadaverine although it is still significant.
T h e  JV -(am inoalky l)p iperid in ium  salts  (74)-(75) w ere  
shown to b ind more strongly to the enzym e than the natural 
substrates (Table 4.2).102
One explanation is that the in troduction o f  the double 
bond  produces  changes in the pK a and/or polarity  o f  the 
substrate. Also the presence o f  the double bond will alter the 
conform ation  o f  the com pounds and electron density around 
one o f  the nitrogens. Further inhibition studies are required on 
the /V-(aminoalkyl)piperidinium salts as this significant strong 
binding could be the key to developing good inhibitors.
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S u b s t r a t e  V max
A -(a m in o b u ty l)p ip e r id in e  (72) 1 .19  5 .4
A f-(am inopenty l)p iperid ine  (73) 0 .3 7  3 . 6
A f-(am inobuty l)p iperid in ium  (74) 0 .0 5 6  7 .7
A -(am in o p en ty l)p ip e r id in iu m  (75) 0 .0 3 7  8 .0
Units Km : mM
Vmax : p mol/mg/hr
Table  4.2 Km and V max values for oxidation o f  N -alkyla ted  
com pounds (72)-(75) catalysed by diam ine oxidase from pea 
seedling diam ine ox idase . 102
4.5 Di-A-alkvlated Diamines as Inhibitors of Diamine  
O x id a s e
4.5a In trod uct ion
It was thought that di-iV-alkylated d iam ines  (76) could  be 
in h ib i to rs  o f  d iam in e  ox idase . A lth o u g h  they are  not 
subs tra te s  they are s till substra te  analogues  and  may be 
accepted into the site. No oxidation is likely to occur. The di- 
A -ak ly la ted  d iam ines (76) m ight b ind  well and preven t the 
natural substrate from entering the active site.
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r 2n n r 2
(7 6 )
F o l lo w in g  on from  the  in h ib i t io n  s tu d ie s  on N- 
( a m in o p e n ty l ) -p ip e r id in e  (73), l , 5 -Z?/5 (Ar-p ip e r id y l )p e n ta n - 3 - 
one (77) d ihydrochloride  and l , 6 -6 /s(Af-piperidyl)hexane (78) 
d ihyhrobrom ide were synthesised to be tested as inhibitors of 
diamine oxidase from pea seedlings.
4.5b Synthesis
l ,5 -& is( iV -p ip e r id y l)p e n ta n -3 -o n e  (77) d ih y d ro c h lo r id e  w as 
syn thesised  by the m ethod o f  van Tam elen  et al. (Schem e 
4.1). 1° 3 The product was triturated with hot acetone followed
(7 7 ) (7 8 )
by hot ck\ofd(iW[ to remove any excess starting materials or side 
p ro d u c ts .
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I + (HCHO)n + H3C - C - C H 3
NH JiCl
Schem e 4.1 Synthesis o f  l,5-&/s(Af-piperidyl)pentan-3-one (77) 
d ih y d ro c h lo r id e
The problem with this method was that the yield was very low 
(15%). This may be due to the formation o f  the quaternary 
am m onium  product (79).
O
(7 9 )
This p rob lem  also  arose when the synthesis  o f  l ,5-bis(N-  
p ip e r id y l)p en tan e  (80) was a ttem pted  using p ip e r id in e  (81)
and 1,5-dibrom opentane (8 2 ) .104 U nder various c o n d i t i o n s ^ -
(&>) not
p ro d u c t  was ^ fo rm ed . This  was due to the p re fe ren tia l  
formation o f  the quaternary ammonium salt (83) (Scheme 4.2).
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NH
(8 1 ) (8 2 )
> ;  B r
+ HBr
(8 3 )
(8 0 ) .2HBr
S c h e m e  4 .2  A t t e m p t e d  S y n t h e s i s  o f  1 ,5 -b is (N -  
p ip e r id y l)p en tan e  (80) d ihydrobrom ide.
This problem was not observed however in the formation 
o f  l , 6 -^/j(iV-piperidyl)-hexane (78) d ihydrobrom ide using 1,6- 
d ib ro m o h e x a n e  (84) as the  fo rm atio n  o f  the q u a te rn a ry  
ammonium salt would involve the formation o f  a less preferred 
seven-m em bered  r i n g .  104 Therefore the m ajor product is the
l , 6 -£ i 's ( iV -p iperidy l)-hexane  (78) d ih y d ro b ro m id e  (S ch em e
4.3).
1 10
(7 8 )  .2HBr
S ch em e 4.3 S y n th es is  o f  l , 6 -£/$(AT-piperidyl)-hexane (78) 
d ih y d ro b r o m id e .
4,5c Results and Discussion
Both compounds (77) and (78) were tested as substrates using 
the peroxidase-coupled spectrophotometric assay system . 14 No 
oxidation was observed in either case.
T h e  co m p o u n d s  (77) and  (78) w ere  ex am in ed  as 
in h ib i to rs  o f  d iam in e  o x id ase  from  p ea  seed lin g s  w ith  
cadaverine  as the substrate. Inhibitor concentrations o f  0.4 
m M  and 0.8 m M  were used and the results are shown in Table 
4 .3 .
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I n h ib i t o r  Inh ib ito r  C oncentra tion  K\
1.5-Z?/s(W -piperidyl)- 0 .4  0 .3 6
p e n t a n - 3 - o n e -
d ihydroch lo ride  (77) 0 .8  0 .4 9
1.6 -& *'s(V -piperidyl)- 0 .5  1.11
h e x a n e -
d ih y d ro b ro m id e  (78) t.O  1.61
Units: mM
Table 4.3
A ssays in the p resensce  o f  both  com pounds obeyed  
M ic h a e l i s - M e n te n  k in e t ic s  an d  w e re  c h a r a c te r i s t i c  o f  
com petitive inhibition, ie. Vmax rem ains unchanged while the 
Km differs (Graph 4.5 and Graph 4.6). These results show that
l ,5 -6 /s (V -p ip e r id y l)p e n ta n -3 -o n e  (77) d ih y d ro ch lo r id e  is the 
better inhibitor o f  the two. This could be due to the presence 
o f  the carbonyl in (77) or due to the size o f  the chain length 
also differing in (77) and (78). The carbonyl possibly interacts 
through hydrogen bonding with residues at the active site. The 
presence o f  the carbonyl also reduces the degrees o f  freedom 
in the chain.
[I] =  0.8 mM
60 -
|T| =  0.4 mM
40 -
m  =  OmM
2 0 -
1/[SJ
Graph 4.5 Double reciprocal plot o f  enzyme kinetics. Inhibition 
o f  ox ida tive  deam ination  o f  cadaverine  using pea seedling  
d iam ine oxidase  with l , 5 -£/5 (N -piperidy l)pen tan-3 -one (77) as 
the inhibitor. [I] = inhibitor concentration.
[I] = 1.0 mM
20 -
[I] =  0.5 mM
16 -
[I] =  0 mM
12 -
8 -
4 -
1/[S]
Graph 4.6 Double reciprocal plot o f  enzyme kinetics. Inhibition 
o f  o x ida tive  deam ination  o f  cadaverine  using pea seedling  
d iam ine  ox idase  with l , 6 -£ /5 -(N -piperidyl)hexane (78) as the 
inhibitor. [I] = inhibitor concentration.
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4.6 1 ,2 -D iam in es  as I n h ib i to r s  o f  D ia m in e  O x id a se  
4 .6 a  I n t r o d u c t i o n
Ethane-1,2-diamine (64) is thought to be a inhibitor o f  diamine 
ox idase . 6 2  In 1989 M ure et al . 105  described the behaviour o f  
e thane-1,2-diam ine (64) with the proposed cofactor o f  diamine 
oxidase  pyrro loquino line  quinone (PQQ) (11). U nder acidic 
conditions the pyrazine  derivative (85) was form ed (Schem e 
4.4).
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HOOC HN
O HN OH
( 11 )
H ,N
OH
NH
NH,
■H90
-2H
Scheme 4.4 Formation o f  the Pyrazine Derivative (85) of PQQ
H ow ever it should be noted that they found that ethane- 
1 ,2-diam ine at neutra l pH acts both  as a substrate  and an 
in h ib i to r .
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Cragg and H erbert7 5  reported  in 1990 that when two 
nitrogens are p resen t and are separated  by a chain o f  two 
c a rb o n  a to m s  l i t t l e  or  no  o x id a t io n  w as  o b s e rv e d .  
T e tram e th y len e  tr iam ine  ( 8 6 ) was a lso  show n not to be 
oxidised with pea seedling diamine oxidase. The explanation 
for th is  inh ib ition  was s im ilar  to that described  by M ure 
(Schem e 4 .5 ) . 105
r  = c h 2c h 2n h 2
Scheme 4.5 Reaction of PQQ with Tetramethylene Triamine
These explanations both relied on PQQ as the cofactor. 
H ow ever in the last year this has been in doubt (Chapter 2, 
2 . 10).
E th a n e -1 ,2 -d ia m in e  and te tra m e th y len e  tr iam in e  w ere  
tested as inhibitors of pea seedling diamine oxidase using the 
s e n s i t iv e  p e ro x id a se -c o u p le d  assay  and  the  re su l ts  a re  
d iscussed  below.
4 .6 b  S y n th e s i s
E th a n e -1 ,2 -d ia m in e  (64) and  te tra m e th y le n e  tr ia m in e  ( 8 6 ) 
w ere  ava ilab le  from  A ldrich , and w ere converted  in to  the
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d ih y d r o c h lo r id e / t r i h y d r o c h lo r id e  sa l ts  and  p u r i f i e d  by 
recrys ta llisa tion . A ppropria te  analy tical data w ere obta ined  
for both compounds.
4.6c R e su l ts  a n d  D iscu ss io n
Both e th a n e -1 ,2 -d ia m in e  (64) and te tra m e th y le n e  tr iam in e  
(8 6 ) were first tested as substrates o f  diamine oxidase. The 
results are shown in Table 4.4.
S u b s t r a t e  Km V j n a x
E th an e -1 ,2 -d iam in e  (64) 2 .81  5 5
T e tram ethy lene  tr iam ine (8 6 ) 0 .1 3  "* 1 6 6
Units K m  : mM
V m a x  : P m ol/m g/hr
Table  4.4 Km and V m a x  values for oxidation o f  the substrates 
catalysed by diamine oxidases from pea seedlings at 25 °C and 
pH 6.3.
The results contradict work by Cragg et al , 7 5  They show 
that te tram ethy lene triam ine ( 8 6 ) is in fact oxid ised  by pea 
seedling diamine oxidase. The Km value o f  0.13 mM  shows that 
the triamine (8 6 ) binds very well to the enzyme. The value is 
similar to that with cadaverine (7). This is probably due to the 
sim ilar distance between the two terminal amino groups.
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fT>N
(86)
HoN NH,
(7)
T herefo re  the tr iam ine acts as a cadaverine  analogue 
ra th e r  than an e th a n e - 1 ,2 -d iam ine analogue with respec t to 
b in d in g .
The fact that some reporters6 2 ’7 5  have found it difficult 
to observe the oxidation of these di/tri-amines may be due to 
the lack o f  sensitivity o f  their assay systems. In most cases 
measurement o f  O 2  uptake was the method used.
No o rderly  in h ib i t io n  was o b se rv ed  w hen  the  tw o 
com pounds (64) and ( 8 6 ) w ere added to enzym ic reactions  
with putrescine (1). W ith the triam ine (8 6 ) as the possible  
inh ib ito r  no orderly inhibition was observed because  at low 
concentrations o f  substrate the rate of oxidation o f  the constant 
co n cen tra t io n  o f  te tram e th y len e  tr iam ine  ( 8 6 ) was g rea te r  
than  tha t o f  the  na tu ra l  substra te  i ts e l f  and th e re fo re  a 
constant ra te  was observed. Some inhibition may have been 
present in this case but accurate values could not be obtained 
due to the inhibitor also being a competing substrate for the 
e n z y m e .
Therefore, when using most assay systems, if  a substrate 
analogue is to be tested as an inhibitor the rate o f  oxidation of 
the analogue most be low enough not to in terfere  w ith  the 
kinetic behaviour o f  the enzymic reaction.
CHA PTER 5
5.1  S t e r e o s e l e c t i v i t y  a n d  R e e i o s e l e c t i v i t v  o f  t h e  
O x i d a t i v e  D e a m i n a t i o n  C a t a l y s e d  b v  P e a  S e e d l in g  
D ia m in e  O x id a s e
5 .1 a  I n t r o d u c t i o n
T h e  re g io se le c t iv i ty  o f  the  o x id a tiv e  d e a m in a tio n  o f .  2- 
m ethylputrescine using diamine oxidase by Santaniello  and co- 
w o rk e rs 11 is rev iew ed  in C hap ter  2, 2.21. As m entioned  
earlier, little work has been carried out in this field.
It was therefore decided to use the cadaverine analogues 
as su b s tra te s  and  an a ly se  the  p ro d u c ts  o f  the  ca ta ly tic  
o x id a t iv e  deam ina tion . H o w ev er  the  am in o a ld eh y d es  are 
unstable and readily form cyclic imines. These cyclic imines 
can then trimerise. This made extraction and characterisation 
o f  the products of the oxidation extremely difficult. A -coupling 
reagent was requ ired  to trap the initial im ine formed. 3,4- 
D im eth o x y b en zo y lace t ic  acid  (50) has been  used  for this 
p u r p o s e . 1 5  T h e  3 ' , 4 ' - d i m e t h o x y - 2 , - [ 2 - ( a l k y l ) -
p i p e r i d y l ] a c e t o p h e n o n e s  w e r e  f o r m e d  w h e n  C- 
a lk y lc a d a v e r in e s  w ere  in c u b a te d  w ith  d ia m in e  o x id a se ,  
c a ta la s e  a n d  3 ,4 - d im e th o x y b e n z o y la c e t ic  a c id  (5 0 )  in 
phosphate  buffer  (pH 7) at 25 °C. Catalase was required to 
rem ove the inhibitory  hydrogen peroxide. These com pounds 
were easily extracted and were analysed by NM R spectroscopy 
and HPLC.
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T he  com pounds  exam ined  for any se lec tiv ity  in the 
d ia m in e  o x id a s e  c a t a ly s e d  o x id a t io n  w e re  (a )  3 -
m ethylcadaverine (57), (b) 3-phenylcadaverine (61) and (c) 2 - 
m e th y lcad av er in e  (62).
5 ,1 b  S y n t h e s i s  o f  3 , 4 - D i m e t h o x v b e n z o v l a c e t i c  a c i d  
(50) a n d  C a d a v e r in e  A n a lo g u e s
3 .4 -D im ethoxybenzoy lace tic  acid  (50) was syn thes ised  from
3.4-dim ethoxybenzoic  acid (87) (Scheme 5.1). The acid (87) 
was converted  into the acid chloride (8 8 ) by stirring with 
excess thionyl chloride. The acid chloride formed was unstable 
and  u sed  im m ed ia te ly  in the  fo rm a tio n  o f  e thy l 3 ,4- 
d im ethoxybenzoy lace toace ta te  (89), w ith  e thy lace toaceta te  and 
sodium. Ethyl 3 ,4 -d im ethoxybenzoylaceta te  (90) was form ed 
by se lec tive  rem oval o f  the acetyl group using a cataly tic  
am ount of sodium acetate. The P-keto ester (90) form ed was 
then hydrolysed using 2.5% potassium  hydroxide. The p-keto 
ac id  (50) fo rm ed  d e c a rb o x y la te s  read ily  ab o v e  25 °C. 
Therefore care was taken to prevent decarboxylation occurring. 
The P-keto acid (50) was stored in the freezer. To minimise 
the am ount o f  p-keto acid lost by decarboxylation, the final 
step was not carried out until the reagent was required.
T he  cad av er in e  analogues  (57), (61)-(62)  u sed  w ere 
synthesised as described in Chapter 3, 3.5. Correct analytical 
data were obtained for all the analogues formed. The coupling 
reactions were carried out at pH 7 and 25 °C for 24 h. The 
conditions were kept the same for each reaction. The products 
w ere purified  by flash column chromatograpy.
(87)
CH3C O O 'N a+ 
Ethanol 
(aqu. 90%)
O
(88)
E th y la c e to -  
a c e ta te /N a /T H F
O
COCH
2.5% KOH
C02H
Schem e 5.1 Synthesis o f  3,4-Dimethoxybenzoylacetic acid (50). 
5 .1c R e su l ts  a n d  D iscu ss io n
T he  d iam in e  ox idase  ca ta ly sed  o x id a tio n  and  su b seq u en t  
coupling reaction was carried out firstly using putrescine  ( 1 )
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d ih y d ro c h lo r id e  an d  c a d a v e r in e  (7) d ih y d ro c h lo r id e  as 
substrates. Products (91) and (49) were form ed respectively 
in reasonable yields.
3-M ethylcadaverine  was then used as the substrate  and 
incubated under the same conditions. In this case the product 
(92) has two chiral centres and four possib le  s tereoisom ers 
could be formed.
The cyclic imines (A) and (B) (Scheme 5.2) could be formed 
f ro m  th e  c a t a l y t i c  o x i d a t i v e  d e a m i n a t i o n  o f  3- 
m ethy lcadaverine  using pea seedling d iam ine oxidase. One 
may be formed selectively or both formed as a mixture.
T h e  s e c o n d  s t e p  ( c o u p l i n g  o f  th e  3 ,4 -  
d im ethoxybenzoylacetic  acid) then could produce a further two 
products from both (A) and (B) (Scheme 5.2).
«
( 91 ) (4 9 )
* Chiral Centres
(9 2 )
123
a n d / o r / m i x t u r e
CH3V /  ^ / /
(A )
N
I
N;
I (B)
CHq
NH
R
(C)
HN
CH
R
(D)
CHq
(E)
NH 
R
O
HN 
R
(F)
CHq
CH3On. y / N , .  y \ ,
y  y r  c h 2 = R 
c h 3o ' ^ ^
S chem e 5 .2 P o ss ib le  p roduc ts  from  the ox id a tio n  o f  3- 
m e th y lc a d a v e r in e  us ing  d iam in e  o x id a se  and  su b se q u e n t  
coupling with 3 ,4-dim ethoxybenzoylacetic  acid.
T h e  13C N M R  spec trum  o f  3 ',4 ,-d im e th o x y -2 - [2 ‘-(4- 
m e th y l)-p ip e r id y l] -ace to p h en o n e  (92) show ed s ix teen  carbon 
signals. These could be assigned to sixteen carbons on (92). 
This im plies that one product is formed. The proton NM R
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spectrum of  (92) showed a doublet at 5 0.81 which integrated 
as three protons. This represents the m ethyl group on the 
piperidyl ring. The proton spectrum was how ever very broad 
and complex.
E lu tion  w ith m ethanol and w ater (50:50) show ed one 
major peak  on reverse phase column HPLC. This peak  had a 
retention time o f  1.51 min and an intensity o f  85.6% of the 
total mixture. Another peak was observed at 4.42 min with an 
intensity o f  8.7% o f  the total mixture. This may be another 
s tereoisom er o f  the product. The ratio o f  10:1 is significant 
showing that one isom er is form ed preferentia lly . F o r  one 
product to be observed selectivity must occur in the second 
step. Therefore (C), (D), (+)-(CD) or a mixture are produced or 
(E), (F), (+)-(EF) or a mixture are produced. The 13C NMR 
spectrum rules out the possibility of (C) and (E) [or (F)] or (D) 
and (F) [or (E)] as products as this would have shown two sets 
o f  carbon signals. This was not observed.
M easurem ent o f  the optical activity could rule out (+)- 
(CD) or (+)-(EF). No optical activity was observed; however the 
readings were recorded at low concentrations.
Therefore selectivity does appear to occur at the second 
step how ever we are not yet sure if  there is also selectivity in 
the first step.
U sing  3 -p h eny lcadaver ine  (61) d ihydroch lo r ide  as the 
s u b s t r a te  a n d  in c u b a t in g  th is  as b e f o re  w ith  3 ,4 -  
d im e th o x y b e n z o y la c e t ic  ac id  (50) d id  not p ro v e  f ru itfu l.  
Several attempts yielded a product which was identified as the 
s tarting  d iam ine , 3 -pheny lcadaverine .
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P h
h 2n -An h 2 .2HC1
(6 1 )
T h is  was an unu su a l re su l t  as 3 -p h e n y lc a d a v e r in e  (61) 
d ihydroch lo ride  was shown to be a good substra te  for pea 
seedling diam ine oxidase (Chapter 3, 3.5). The reaction was 
carried out with ample enzyme over a large period o f  time. No 
3 \ 4 ,- d im e th o x y - 2 - [2 ' - ( 4 -p h e n y l ) p ip e r id y l ] a c e to p h e n o n e  (93) 
was formed from several attempts.
This was an unexpected result and is difficult to explain.
An additional problem  with 2-m ethylcadaverine was that 
attack on either amino group could occur and would result in 
two d ifferent s tructural isomers (94) and (95) being formed. 
As before  with 3-m ethylcadaverine the products form ed have 
two chiral centres and each structural isom er has four possible 
s te re o is o m e rs .
P h
(9 3 )
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CHNH NH
* Chiral 
centre
(9 4 )  (9 5 )
Therefore four cyclic imines can be formed from catalytic 
o x id a t iv e  d e a m in a t io n  o f  2 -m e th y lc a d a v e r in e  u s in g  pea  
seedling diam ine oxidase.
T h e  s e c o n d  s te p  ( c o u p l i n g  o f  th e  3 ,4 -  
d im e th o x y b en zo y lace t ic  acid) then cou ld  again  p ro d u ce  a 
further two products from each of the cyclic imines (Scheme
5 .3).
It is c lear from the 13C-NM R spectrum that again one 
m ajor p roduct is formed. There  is how ever ev idence for a 
minor product. The proton NMR spectrum showed a doublet at 
5 0.79 and a minor doublet at 5 0.86 with a ratio of  3:1.
On H PLC analysis , e lu tion  w ith  m ethanol and w ater  
(50:50) showed one major peak at 4.51 min with an intensity 
o f  66.2% o f  the total mixture and another peak at 1.40 min 
with an intensity o f  25.4%. Prep. HPLC was carried out and 
mass spectroscopy showed the parent ions o f  both peaks to be 
the same (M + 277). These peaks elute with similar retention 
times to the products with 3-methylcadaverine.
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a n d / o r / m i x t u r e
(G)i
(K)
1
R R
(L)
(M) R
a n d / o r / m i x t u r e
( i )
c h 3
N
a
CH3 (j)
NH HN.
CHCH
( P ) (Q )
NH HN.
CH
(R) R R (S)
S chem e 5.3 P oss ib le  p roduc ts  from  the ox id a tio n  o f  2- 
m e th y lc a d a v e r in e  u s ing  d iam in e  o x id ase  and  su b se q u e n t  
coupling with 3 ,4 -d im ethoxybenzoylacetic acid.
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The 3 .4-d im ethoxybenzoylacetic  acid coupling procedure  
is not a very convenient m ethod for characterisation  o f  the 
products  o f  the oxidative deam ination o f  d iam ines with pea 
seed ling  d iam ine oxidase as the coupling  reaction  prov ides  
added com plications due to the addition  o f  a second chiral 
c e n tre .
5.2 S tab i l i sa t ion  o f  Cyclic  Im ines  Formed in the  
Reaction Involving Diamine Oxidase bv Complexation  
With Zinc Iodide
T he  iden tif ica tion  and characterisa tion  o f  the cyclic  im ines 
formed in the oxidative deamination o f  diamines has proved to be- 
very difficult. This is due to their volatility and tendency to 
trim erise in neutral or basic solution . 1 0 6  A simple method for 
the  s tab i l isa t io n  o f  these  im ines w hich  does not invo lve  
fo rm atio n  o f  an o th e r  ch ira l cen tre  is req u ired  to a llow  
com plete characterisation o f  the products o f  the reactions with 
d iam ine oxidase.
E arlie r  in 1991 it was reported  that 1-pyrroline (3,4- 
d ih y d ro -2 /f -py rro le )  could  be  stab ilised  by com plexing  with 
zinc iodide to form a stable crystalline complex (96).107 This 
com plex could also be regenerated for further use in synthesis.
I I
(96)
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The 1-pyrroline (17) was generated by acid hydrolysis o f
4 -am inobu tana l d ie thy lace ta l (97) fo llow ed by ex traction  o f  
the basified solution with ether (Scheme 5 .4 ).
CH(OEt) 2 H
NH;
(9 7 )
\  
(9 6 )
a
(1 7 )
Z n l 2
E th e r
Scheme 5.4 Formation of the Znl2  complex with pyrroline.
The form ation o f  a stable Z n l2  com plex was therefore 
a ttem pted  with the product o f  the oxidative deam ination  o f  
pu tre sc ine  (bu tane-1 ,4-d iam ine) w ith d iam ine oxidase. The 
orig inal reaction was carried out at 0 °C in acid and a two 
phase solvent system of  buffer and diethyl ether. The enzyme 
d iam ine ox idase  is inactive at 0 °C. Therefore  it was not 
possib le  for the reaction to be carried  out under the same 
c o n d it io n s  as p rev io u s ly  rep o rted , l ^ 7  T h e  reac tio n  was 
unsuccessful under various conditions (Table 5.1)
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Reaction Time (1U S o lv e n t Temp. pH
2 4 B u ffe r 2 5 7
1 B u ffe r 2 5 7
1 B u ffe r 5 7
1 B u f f e r /  
Diethyl ether
5 6
Table 5.1 Conditions used for the Znl2  complexation reaction.
U nder the usual conditions o f  phosphate buffer (pH 7) 
and 25 °C no complex with Znl2  was formed. Lowering the 
tem perature to 5 °C and carrying the reaction out
in slightly acidic solution did not prove successful and again no 
complex with Znl2  was formed.
U nder the conditions o f  the enzym e reaction the imine 
form ed tends to trimise rapidly. This is probably the reason 
why no com plex with Z n l2  is formed under these conditions 
and at 0 °C the enzyme, diamine oxidase is inactive.
T herefo re  so far conditions have not been  found for 
m aking the com plex  with Z n l2  with im ines generated  from 
enzym e reactions.
5.3 T he  M echanism  o f  Form ation  o f  1 -Pvrro line from  the 
Oxidative Deamination o f  Putrecsine
5 .3a  In troduction
It has been  suggested  that the ox idation  o f  pu tresc ine  by 
d iam ine ox idase  m ight go through an enam ine in term ed ia te  
(Schem e 5.5 ) . 12
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h 2n n h 2:  h 2n n h 2
(17 )
Schem e 5.5 P roposed  m echanism  o f  pu trescine  ox idation  by 
diam ine oxidase.
W e carried  out experim en ts  using [2 ,3 -2 H 4 ]p u tresc in e  
d ihydroch lo ride  to determ ine w hether  any deuterium  is lost
from these labelled positions during the oxidation (Note: imine-
enam ine tautom erism  o f  1-pyrroline (17) w ould also lead to 
loss o f  deuterium).
5.3b Synthesis
Synthesis  o f  [2 ,3 -2 H 4 ]putrescine dihydrochloride with ca. 90% 
2 H 4  species  was carried  out by A. B. W a ts o n .*08 3  4 .
D im ethoxybenzoylacetic  acid was form ed as described in 5.1. 
T hey  w ere  in cu b a ted  to g e th e r  w ith  d iam ine  o x idase  and
catalase in phosphate buffer for 24 h, also as described in 5.1.
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T h e  p r o d u c t  w as  th e n  p u r i f i e d  by f la sh  c o lu m n  
chrom atography and fully characterised.
5.3c Results and Discussion
The m ajor product o f  the oxidative deam ination o f  [2 ,3 -2 H 4 ]- 
putrescine dihydrochloride using diamine oxidase was found to 
be the te tra^deu te ria ted  product (98).
Initial evidence for this s tructure  came from the mass 
spectrum of the product. The parent ion was at m/z 253 with 
an accurate mass o f  253.1619 where 253.1616 is expected for 
C 1 4H 1 5D 4 N O 3 . Furtherm ore 50-MHz 13C NM R spectrum then 
showed only twelve signals. The signals for carbon 3 and 4 
were not visible. This was due to the deuterium attached.
Whp/t ' th e  600 MHz proton NMR spectrum was run with the aid 
o f  hom onuclear decoupled spectra key protons were identified. 
The signal for H-2 is a triplet at ca. 5 4.1 and the two protons 
bonded to C - 6  are at 5 3.46 and 5 3.86 and are partly obscured 
by other resonances. Decoupling at 6  3.46 perturbs both the 
o th e r  s ignals  as does decoup ling  at 5 4.1. This  la t te r  
experiment also collapses a small doublet at 6  2.28. This is also 
clear in the decoupling difference spectrum  which reveals a 
similar effect at ca. 5 1.80. These two signals may correspond
D D
(9 8 )
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to m olecules where there is one proton in a  or (3 positions on C-
3. An exact ratio  could not be worked out but it is clear that 
partia l loss o f one deuterium  atom does occur. The form ation 
o f the com pound contain ing  three deuterium  atom s could  be 
due to im ine-enam ine tautom erism  o f 1-pyrroline (17).
A ssum ptions reg ard in g  the fo rm atio n  o f an enam ine 
in term ediate  in the oxidative deam ination o f putrescine appear 
to  be incorrect as we have shown that the m ajor product o f the 
reac tio n  w ith  [2 ,3 -2 H 4 ]-p u tresc in e  d ih ydroch lo ride  is in fact 
com pound (98), containing four deuterium  atom s.
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CHA PTER 6
APPLICATIONS OF DIAMINE OXIDASE
6,1 Synthesis  o f  C rvptop leur ine  Analogues:  Possib le
A n ti -cancer  Agents
C ry p to p leu rin e  ( 8 ) and ty lo p h o rin e  (9) ex h ib it in te re s tin g  
b io lo g ica l ac tiv ities, including an ti-cancer action. H erbert and 
co-w orkers estab lished  a synthesis o f  cryp top luerine  (8 ) . 15 A 
key step in this synthesis involved the use o f diam ine oxidase 
(Schem e 6.1).
O
D iam ine oxidase
CH30  ^  
H
(4 9 )
( 8 )
Scheme 6.1 Synthesis of cryptopleurine (8).
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U sing cadaverine d ihydrochloride as the substrate for diam ine 
ox id ase  c ry p to p leu rin e  (8 ) was fo rm ed a fte r  fu rth e r steps. 
A nalogues o f cryptopleurine (8 ) may also have useful biological 
ac tiv ity . T he use o f  su b s titu te d  cad av e rin es  and  o th e r 
diam ines could lead to the form ation o f many different alkaloid 
a n a lo g u e s .
T y lo p h o rin e  (9) can be sy n th es ised  using  p u tre sc in e  
dihydrochloride as the substrate in the initial step. Com pounds 
(99) and (100) w ere synthesised  by the m ethod described  in 
C h a p te r  5 , 5 .1 b  u s in g  h e x a n e -1 ,6 -d ia m in e  an d  3 ,3 -
d im eth y lcad av erin e  as substra tes.
CH
NHNH
(9 9 )
D ue to  tim e co n s tra in ts  th ese  com pounds w ere  not 
fu rth er reac ted  to form  the analogues o f cryp top leu rine  (8 ). 
H ow ever no prob lem s could  be fo reseen  in com pleting  the 
syn thesis  o f  the analogues. T his show s tha t the d iam ine 
oxidase step could be o f benefit in m aking alkalo id  analogues 
w ith potentially  useful biological activity.
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6.2 Formation of Pvrrolizidine Alkaloids Using Diamine  
O x id a s e
6.2a In troduct ion
A nother application  o f diam ine oxidase is in the synthesis o f 
p y rro liz id in e  alkalo ids. They are w idespread  in p lan ts  and 
m any o f  them  are h e p a to to x ic . 1 0 9  T h is  is due to the 
u n sa tu ra ted  ring o f  the base  p o rtion  ( 1 0 1 ) w hich can be 
oxid ised  by liver oxidase enzym es to form  pyrro le derivatives
T h e se  p y rro le  d e r iv a tiv e s  can  ac t as b ifu n c tio n a l 
a lky lating  agents and becom e bound to  DNA (103) (Schem e
( 102).
6 .2).
RCO- «  CH2OCOR RCO2 ,c h 2o c o r
( 101) ( 102 )
' r
D N A \
(103)
Scheme 6.2
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H om osperm idine (5) is thought to be a key in term ediate 
in the b io sy n th esis  o f  these a lk a lo id s. 13 C -15N L abelling  
e x p e r im e n ts  c o n firm e d  th a t a C 4 -N -C 4  in te rm e d ia te  is 
in v o lv e d . 6
H2N(CH2)4NH(CH2)4NH2
(5 )
It has been show n that incubation  o f  hom osperm id ine  
w ith pea seedling diam ine oxidase and subsequent reduction o f 
th e  lik e ly  p ro d u c t, 1 - fo rm y lp y rro liz id in e , p ro d u c e s  th e  
p y rro liz id in e  alkalo id , trachelan tham id ine  (6 ) . 9
CH2OH
(6 )
It w as decided  to a ttem pt to im prove the y ie ld  and 
purity o f the product o f this reaction and to form analogues of 
the pyrro liz id ine  alkaloids using analogues o f hom osperm idine 
as the substrates for diam ine oxidase.
6.2b Preparation of  Pyrrolizidine Alkaloids
H o m o sp erm id in e  (5) trih y d ro ch lo rid e  w as sy n th es ised  from  
tw o m oles o f 4 -b ro m o b u tan en itr ile  (104) and b en zy lam in e  
(105) (Schem e 6.3). (3-cyanopropy l)benzy lam ine was
obtained  as a c lear oil a fter d istilla tio n . B ergeron et al.% 
re p o rte d  th a t u n d er h y d ro g en a tio n  co n d itio n s  the  n itr ile s
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produced  w ere reduced  to the corresponding  am ines and the 
benzyl group was rem oved. W e found that when the d in itrile  
was hydrogenated at 1 atm osphere for ca. 18 h only the nitrile 
groups w ere reduced. The benzyl group rem ained. S tronger 
conditions w ere then em ployed to rem ove the benzyl group. 
T his was achieved by cataly tic  transfer hyd rogenation 1 10 using 
am m onium  form ate and palladium  on charcoal in m ethanol at 
reflux conditions. The reaction was m onitored by t.l.c. and the 
ca ta ly s t w as filte red  o ff  w hen the  reac tion  w as com plete . 
H om osperm id ine  (5) trih y d ro ch lo rid e  was form ed w hen the 
product w as extracted with hydrochloric acid.
A ,A -£ /s-(5 -A m inopen ty l)am ine (10) trih y d ro ch lo rid e  was 
p re p a re d  in  the  sam e m anner u s in g  tw o m oles o f  5 - 
b rom open tanen itrile  (106) (Schem e 6.3).
H om osperm idine (5) trihydroch lo ride  was then incubated  
w ith pea seedling diam ine oxidase in phosphate buffer for two 
days at 25 °C. C atalase was added to rem ove the inhibitory  
hydrogen peroxide. The m ixture was basified  and the p roduct 
w as ex trac ted  w ith  ch loroform . T he likely  is p ro d u c t 1- 
fo rm ylpyrro liz id ine (107). This was im m ediately reduced with 
sodium  borohydride in m ethanol. U nfortunately , w ith several 
attem pts, a com plex m ixture o f products was form ed and could 
not be identified .
A second m ethod was used. This involved carrying out 
the reduction with a large excess o f sodium  borohydride added 
after tw o days. The final isolation procedure was carried  out 
as for the  firs t m ethod. This m ethod p roduced  1-hydroxy - 
m ethylpyrrolizidine (6 ) in a yield o f  10%. This yield could not 
be im proved after several attem pts (Schem e 6.4).
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Br(CH2)nCN
n = 4 (104) 
n = 5 (106)
CH2NH2
(1 0 3 )
n -b u ta n o l
Na2 C 0 3
KI
N C -(C H 2 )nN(CH2)n—CN
CHi
P d /C
CH3COOH
H2N (CH2)nN(CH2)—  NH2
c h 2
. triacetate
1. Pd/C ,am m onium  
formate, CH3OH
2. HCl
H 2N“  (CH2)nN(CH2) ^ -  NH2 -3HC1 
H
n = 4 H om osperm idine (5) .3HC1 
n = 5 /VjN-Zus-CS-AminopentylJamine (10)..3H Cl 
Schem e 6.3 Synthesis o f  H om osperm idine (5) trihydroch lo ride  
and  M /V -& i\s-(5-A m inopentyl)am ine ( 10 ) .trih y d ro ch lo rid e
Diamine oxidase
7
C H O
NaBH4 H c h 2o h
(1 0 7 )  ( 6 )
Schem e 6.4 Synthesis o f  trachelantham idine (6 ).
6.2c Conclusion
D ue to the poor resu lts  ob tained  w ith hom osperm id ine  and 
tim e constraints the enzym e reaction was not carried  out using 
iV ,N -& /s-(5-am inopentyl)am ine (10) trih y d ro ch lo rid e .
W e h av e  show n th a t th is  en zy m ic  o x id a tio n  o f  
h o m o sp e rm id in e  does lead  to  1 -h y d ro x y m e th y lp y rro liz id in e
(6 ) a fte r a reduction  step. M uch m ore w ork is requ ired  to 
allow  this sequence to be used as a convenient m ethod for the 
form ation o f analogues o f pyrrolizid ine alkaloids.
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C H A P T E R  7 
E X P E R IM E N T A L
7.1 G eneral
M elting points w ere m easured on a K ofler hot-stage apparatus. 
Boiling points refer to the oven tem perature using a K ugelrohr 
apparatus. O ptical ro ta tions w ere m easured w ith an O ptical 
A ctiv ity  L td. A A 10 P olarim eter. In fra  red  spec tra  w ere 
o b ta in ed  on a P erk in  E lm er 580  sp ec tro m eter. N u c lea r 
m agnetic resonance spectra were recorded w ith a Perkin Em ler 
R32 sp ec tro p h o to m eter operating  at 90 M H z, or a B ruker 
W P200-SY  spectrophotom eter operating at 200 M Hz (5 h ), 50.3 
(5c), or 30.72 M Hz (Sd). The m ultiplicities o f the 13C NM R 
spectrum  w ere d e term ined  using  D EPT sp ec tra  w ith  p u lse  
angles o f 0  = 90° and 0  = 135°. Spectra were recorded with 
e ither tetram ethylsilane at 0 p.p.m . or the NM R solvent as the 
in ternal standard. M ass spectra were obtained using A.E.I. MS 
12 or 902 spectrom eters. E lem ental analyses w ere perform ed 
w ith a C arlo-Erba 1106 elem ental analyser.
T .l.c. was carried out on M erck K ieselgel G plates o f 0.25 
mm th ickness in the solvent stated. D iam ine d ihydrochlorides 
w ere  de tec ted  using n inhydrin  and all o ther com pounds by 
iodine. C hrom atographic purification  was carried  out by dry- 
colum n flash  chrom atography using K ieselgel 60 (M erck, 70- 
230 mesh) and HPLC using a reverse phase Silica C 18 colum n 
and solvent system  of m ethanol and w ater (50:50).
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All so lven ts w ere p u rified  by standard  te ch n iq u es . 111 
T e tra h y d ro fu ra n  (TH F) and d ie th y l e th e r w ere d ried  by 
d i s t i l l a t i o n  f ro m  s o d iu m -b e n z o p h e n o n e  u n d e r  a rg o n  
im m ediately  befo re  use.
O rgan ic  so lv en ts  w ere d ried  using  e ith e r an hydrous 
sodium  sulphate  or anhydrous m agnesium  sulphate.
7.2 Experim ental to Chapter 3 and C hapter 4
Extraction o f D iam ine Oxidase (EC 1.4.3.6 ) from Pea Seedlings2
Step 1
Pea seeds (500 g), variety  'F illb ask e t', w ere soaked in tap 
w ater for 24 h. T he w ater was changed ca. 4 tim es. The pea 
seeds w ere then sown thickly  in P erlite  (4-6 cm deep) and 
covered  in P erlite  (1-2 cm). They w ere allow ed to germ inate  
and grow  in the dark for 10-14 d until the shoots w ere 5-10 
cm tall. Note: the Perlite was kept m oist throughout but not too 
w et as this reduced  germ ination. The shoots w ere stripped o f 
th e ir  ro o ts , w ashed free  o f g row ing  m edium , d ra in ed  and 
w eig h ed  (1-1 .5  kg). T h e  harv ested  shoo ts w ere kep t cool 
th ro u g h o u t the fo llow ing  operation . T he peas w ere m inced 
using a p re-coo led  W aring blender. They w ere then strained  
through cotton mesh and the ju ice  was squeezed out. The solid 
residue was m ixed with 0.1 M potassium  phosphate buffer (pH 
7 , 1 ml/g o f m aterial) and the ju ice was squeezed out as before. 
A second  ex trac tio n  using  the sam e p o tass iu m  p h o sp h a te
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buffer (0.5 m l/g o f m aterial) was perform ed. The total extract
(2-3 1) was cooled to <5 °C.
Step 2
E thanol/chloroform  (2:1 v/v, 30 ml per 100 ml o f extract) was 
cooled to -10 °C and added to the extract over 30 min. Care 
was taken to ensure that the tem perature o f the extract did not 
rise  above 5 °C during this addition. The m ixture was allow ed 
to stand for ca. 1 h at 0 to +5 °C after w hich the inactive 
p rec ip ita te  was rem oved by centrifugation  at 3000-4000 g for 
20 m in. The supernatan t liqu id  was co llec ted  and sa tu rated  
w ith am m onium  sulphate (45 g/100 ml) and the tem peratu re  
was allow ed to rise to 10 °C. A solid separated and floated. The 
low er liqu id  was siphoned o ff  and d iscarded. T he slurry was 
cen trifuged  at 3000 g for 10-15 min. The curd co llected  was 
m ixed w ith 0.02 M phosphate buffer (pH 7, 400-500 ml) and
allow ed to stand overnight.
Step 3
The dialysis tubing was pre-soaked in d istilled  w ater for ca. 2 
h. The so lution was stirred  for 1.5 h at 15-18 °C and the 
p rec ip ita te  was rem oved by centrifugation  at 3000-4000 g for 
20 min. The supernatant was again saturated  w ith am m onium  
sulphate (200-300 g) and left for 1.5 h at 8-10 °C. It was then 
cen trifuged  at 3000-4000 g for 20 min. T he curd was m ixed 
w ith 0.2 M phosphate buffer (pH 7, 20 ml). The solution was 
dialysed in a 30 cm tube (diam eter 15 mm) for 2-3 h with cold
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running  w ater. D ialysis was then carried  out w ith 0.005 M
phosphate buffer (pH 7, 1 1) over 36 h at 0-4 °C. The buffer
was changed tw ice during this period.
Step 4
The dialysed m aterial was centrifuged at 3000 g for 10-20 min 
to rem ove in ac tiv e  p rec ip ita te . T he su p ern a tan t liq u id  was 
adjusted to pH 5 by slow addition o f 0.05 M acetic acid at ca. 5
°C then allow ed to stand for 1 h at 0-4 °C. The precipitate was
co llec ted  by cen trifugation  and tritu ra ted  w ith w ater ( 2 0  ml). 
The pH was adjusted to pH 7 using 0.05 M potassium  hydroxide 
to d issolve the precipita te and then to pH 5 with 0.05 M acetic 
acid. The solution was left for 1 h and centrifuged to collect the 
p recip ita te . T he p recip ita te  obtained  was taken up in 0.01 M 
phosphate buffer (pH 7, 1 m l/100 g o f seedlings harvested). It 
was stored in the freezer (in 0.5 ml batches) at ca. -20 °C and 
was stable for many months.
Enzym e activity was ca. 1200 units per mg o f solid (at 25 °C), 
with a y ield  of ca. 30 mg per kg of seedlings. [See Appendix 3 
for m ethod o f calculation.]
Protein concentration was ca. 8  mg per ml o f enzym e solution. 
[See A ppendix 1 for calculation.]
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S od ium  D o d e c v lsu lp h a te  (SD S) S lab  G el E le c tro p h o re s is  
m odified Laem m li Gel System 8 9
Slab gel e lec tro p h o res is  was ca rried  ou t as d esc rib ed  by 
L a e m m li . 8 9
Stacking Buffer 
0.4% SDS in 0.5 M TRIS
pH adjusted to 6.8 with 6 N hydrochloric acid 
x2 Sam ple B uffer 
10% SDS (30 ml)
Stacking buffer (12.5 ml)
Glycerol (10 ml)
pH adjusted to 6.8 with 5 M hydrochloric acid
2 -M ercap to e th an o l S o lu tion  Bromophenol Blue Solution
x2 Sam ple buffer (900 pi) 1% Bromophenol blue (200 pi)
2-M ercap toethano l (100 pi) 2-M ercaptoethanol (200 pi)
Sam ple  P rep ara tio n
Sam ples w ere prepared  using 2 -m ercap toethanol so lu tion  (100 
pi) and pro te in  (100 pi). T he sam ples w ere heated  in boiling 
w ater for 2 min. Brom ophenol blue solution (5 pi) was added to 
a protein sam ple (50 pi).
S tandard  P ro tein  Solution
Sigm a D alton M ark V II-L  was d isso lved  in d istilled  w ater (2 
m g/m l). This was then treated  in the sam e way as the protein 
sam ples and used as the standard.
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Staining Solution
The gel was stained using Coom assie Blue Dye.
0.1% Coom assie Blue R250, C.I. 42660 was dissolved in glacial 
acetic acid, m ethanol and distilled  w ater (2:5:5).
D estain ing Solution 
10% Glacial acetic acid
D eterm ination  o f Protein C oncentration 8 8
C oom assie  b rillian t b lue G was p repared  as a 0.06%  (w /v) 
so lu tio n  in 3% p erch lo ric  acid . T he so lu tio n  w as s tirre d  
overnight and filtered  to rem ove any undisso lved  m aterial. The 
s to ck  dye w as d ilu ted  to  A 4 6 5  1 .3-1 .5  (th e  ab so rb an ce
m axim um  for the leuko form o f the dye). The standard graph 
w as determ ined using Bovine Serum  A lbum in (BSA, 1 m g/m l 
phosphate buffer pH 6.3).
A typical cuvette contained;
x = 50 to 5 pi.
The experim ent was carried out tw ice and the average plot was 
used to determ ine the pro tein  concentration  o f  unknow n DAO 
sam ples (rep lac in g  BSA w ith  DA O  in the cu v e tte ). [See 
A ppendix 1.]
1 ml
1000 pi - x pi 
x pi
D ye
D istilled  w ater
BSA
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S p ec tro p h o to m etric  A ssay 14
The kinetics o f D A O -catalysed oxidation o f pu tative substrates 
w ere determ ined by the procedure o f S toner . 14 This involved a 
p erox idase-coup led  assay (horseradish  perox idase, EC 1.11.1.7, 
from  Sigm a) to m onitor con tinuously  the hydrogen  perox ide 
released  during diam ine oxidation at 25 °C, 70 m M  phosphate 
b u f f e r  (pH  6 .3 ) ,  in  th e  p r e s e n c e  o f  3 -m e th y l-2 -  
b e n z o t h i a z o l i n o n e  h y d r a z o n e  (M B T H )  a n d  . 3 - 
(d im e th y lam in o )b en zo ic  ac id  (D M A B ). O x id a tiv e  co u p lin g  
generated  sto ich iom etric  quan tities o f an indam ine dye w ith a 
ch a rac te ris tic  abso rbance  m axim um  at 595 nm. R ates w ere 
determ ined  d irectly  in the spectrophotom eter.
Stock solutions w ere prepared as follow s;
DMAB 18 m M  (29.7 m g/10 m l phosphate
MBTH
P e ro x id a se
Pea Seedling DAO
buffer pH 6.3)
0.6 m M  (12.9 mg/100 ml distilled 
w a te r )
0.34 m g/m l phosphate buffer pH 6.3 
(150-200 units per mg solid. One unit 
w ill form  1 . 0  mg o f purpurogallin  from  
pyrogallol in 20 s at pH 6  at 20 °C.)
0 .03-0 .06  m g/m l phosphate  b u ffe r 
pH 6.3
Pig Kidney DAO 2 mg/ml phosphate buffer pH 6.3
(From  Sigm a) (0.06 units per mg solid. One unit will
oxidise 1 pm ole o f putrscine per h at pH
7.2 at 37 °C.)
A ty p ica l reac tio n  m ix ture  in a 1 cm p a th len g th  cuvette  
co m p rised :
1. W ith Pea Seedling DAO (psDAOl
2.5 ml Phosphate buffer pH 6.3
100 pi MBTH
170 pi DMAB
50 pi p e ro x id a se
25 pi psDAO
300 pi substrate (concentration range up to 3
m M )
2. W ith Pig Kidney DAO (pkDAO)
2.5 ml pkDAO 2 m g/m l phosphate buffer
pH 6.3 
100 pi MBTH
170 pi DMAB
50 pi p e ro x id a se
300 pi substrate (concentration range up to 3
m M )
T he p ro d u c tio n  o f  the  indam ine  dye w as ca lib ra ted  using 
s ta n d a rd  so lu tio n s  o f  h y d ro g en  p e ro x id e . T h e  h y d ro g en  
perox ide  was standard ised  using potassium  p erm an g an ate . 1 12
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T he reac tion  was in itia ted  by add ition  o f s tandard  enzym e 
so lu tio n  to  the  th e rm a lly  e q u ilib ra te d  re a c tio n  m ix tu re , 
fo llo w e d  im m e d ia te ly  by s u b s tra te  a d d it io n , th e re fo re  
m in im iz in g  the  p o ss ib ly  in h ib itin g  e ffe c ts  o f  e x te n s iv e  
p re incubation  o f DAO w ith the chrom ogenic  ag en ts . 14 In itia l 
r a te s  w e re  d e te rm in e d  o v e r  a ra n g e  o f  s u b s tr a te
concen tra tions from  the linear absorbance changes during the 
firs t m inute o f reac tion . M ichaelis-M enten  k inetic  behav iou r 
was observed in all cases. Rate data w ere analysed for k\* and 
Vmax by least squares fitting o f Eadie-H ofstee9 3 ’9 4  (V vs. V /[S]) 
and L inew eaver-B urk9 2  (1/V vs. 1/[S]) plots. [See A ppendices 
2 and 3]
All experim ents were carried out at least three tim es w ith each 
respective  substrate . T herefore  all data quoted  are the m eans 
o f  th ree determ inations.
C ontrol E xperim ents
1. E xperim ents w ere carried  out using h istam ine as substrate . 
This was the substrate used in the original studies by S toner . 14 
The K m  value was comparable. ( K m  2.64 x 10"5  M com pared with 
2.90 x 10- 5 M.)
2. N o sp ec ia l p recau tio n s  w ere tak en  to  co n tro l oxygen  
concentrations in the reaction  m ixtures, bu t experim ents using 
partia lly  degassed  buffers show ed that reduction  o f  O 2  to  as 
low  as 25% satura tion  (oxygen electrode) had no effect on 
m easured  rates. T his confirm ed that the reaction  k inetics are 
not lim ited by O2  levels under norm al circum stances.
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3. As a check on the validity o f this assay procedure, reaction 
rates w ere m easured under the sam e conditions by m onitoring 
the O 2  uptake as a function o f tim e in a therm ostatted  reaction 
vessel fitted  w ith  a calib ra ted  oxygen e lectrode. S im ilar rate 
data w ere obtained. [See Appendix 4.]
4. C ontrol experim ents show ed that at the low concentrations 
used in th is assay, b ishydrazone form ation  by reac tio n  w ith 
M BTH was negligible.
In h ib itio n  S tudies
In h ib itio n  stud ies  w ere perfo rm ed  by the sam e m ethod  as 
above and  by incorporating  various concentrations o f pu ta tive  
in h ib ito r or co -substra te  in to  the in itia l reaction  m ix ture. A 
separate  experim ent was carried  out fo r each concentration  o f 
pu ta tive  inh ib ito r or co -substrate . T he po ten tia l inh ib ito r was 
added to the reaction  m ixture after DAO addition  bu t before 
the addition o f substrate. [See Appendix 5]
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General Procedure (A) for Reduction of a Diacid or Anhydride
to a Diol
D iacid or anhydride (20.5 mmol) in anhydrous TH F (20 ml) was 
b ro u g h t to re flux  under a dry n itro g en  a tm osphere . 1 M 
Borane.TH F (41 ml, 41 mmol) was added dropw ise via syringe. 
T he reaction m ixture was heated at reflux for ca. 18 h. A fter 
coo ling , w ater (20 ml) was added via syringe. The aqueous 
layer was then saturated with K2 CO 3 (ca. 4 g). D iethyl ether (10 
ml) w as added to the reac tio n  m ix ture . T he m ix tu re  was 
ex tracted  with diethyl ether (4 x 20 ml). The organic layer was 
d ried  (N a 2 SC>4 ) and  ev ap o ra ted  to d ry n ess un d er red u ced  
p ressure to leave the product.
3-M ethy lpen tan e-l  ,5-diol (108)
3-M ethylg lu taric  acid (109) was reduced  to the corresponding 
diol (108) using general procedure (A). A clear oil was obtained 
after distillation (75%); b.p. 160 °C at 1 mm Hg (lit . , 71 b.p. 160 
°C); Umax (thin film) 3500-3150, 2960, 1460 and 1055 cm*1; 5h 
(CDCI3 ) 1.05 (3H, d), 1.30-2.00 (5H, com plex), 3.80 (4H, t), and 
4.08 (2H, br s exchangeable with D 2 O, OH); m/z 101, 8 8  and 41 
( 100%).
3.3-D im ethy lpen tane-l  ,5-diol (110)
3 .3 -D im e th y lg lu ta r ic  a c id  (1 1 1 ) w as re d u c e d  to  th e  
corresponding diol (110) using general procedure (A). A clear 
oil was obtained after d istillation (75% ); b.p. 165 °C at 1 mm 
Hg; umax (thin film ) 3600-3100, 2960, 1470 and 1035 cm*1; 5h
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(CDC13) 0.88 (6 H, s), 1.40-1.70 (5H, comlex), 3.52 (2H, br s, OH), 
and 3.65 (4H, t); m/z 113 and 69 (100%).
2.4 -D im ethy lpen tane-l  ,5-diol (112)
2 .4 -D im e th y lg lu ta ric  an h y d rid e  (113) w as red u ced  to the 
corresponding diol (112) using general procedure (A). A clear 
oil was obtained after distillation (75%); b.p. 165 °C at 1 mm Hg 
(lit . , 71 b.p. 165 °C); u max (thin ^ m) 3550-3120, 2960, 1465 and 
1075 cm-1; 5H (CDCI3 ) 0.80-1.00 (6 H, com plex), 1.35-1.85 (2H, 
com plex), 2.95 (2H, br s, OH) and 3.43 (4H, d); m/z 130, 67 and 
55 (100%).
2 .2-D im ethy lpen tane-l  ,5-diol (114)
2 .2 -D im e th y lg lu ta ric  an h y d rid e  (115) w as red u ced  to  the 
corresponding diol (114) using general procedure (A). A clear 
oil was obtained after distillation (8 8 %); b.p. 175 °C at 1 mm Hg 
(lit.,'71 b.p. 180 °C); umax (thin film) 3600-3100, 2950 and 1060 
cm -1; 5H (CDCI3 ) 0.90 (6 H, s), 1.10-1.70 (4H, complex), 3.25 (4H, 
b r s, OH) and 3.60 (2H, t); m/z 115 and 55 (100%).
3-M ethy lpen tan e-l  ,3 ,5-trio l (116)
3 -H y d ro x y -3 -m eth y lg lu ta ric  ac id  (117) w as red u ced  to the 
co rrespond ing  trio l (116) using g eneral p ro ced u re  (A ). T he 
product was obtained as a yellow  oil, (62% ); u max (thin film) 
3600-3100, 2950 and 1070 cm"1; 5H (CDCI3 ) 0.96 (3H, s), 1.40 
(4H, com plex), 1.68 (2H, br s, OH), and 3.68 (4H, t); m/z 133 
and 43 (100%).
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General Procedure (B) for Reduction of a Diacid to a Diol
D iacid (7.21 mmol) was d issolved in anhydrous TH F (20 ml) 
under a dry nitrogen atm osphere and cooled in an ice bath to 0  
°C. 1 M B orane.TH F (26.5 ml, 26.5 m m ol) was then added 
slow ly, dropw ise over a period o f 10-15 min. The solution was 
stirred  at room  tem perature for a fu rther 1 h. Excess borane 
was destroyed  by slow addition  o f  w ater. T he m ixture was 
separated  by salting out the organic layer using K 2 CO 3 . T he 
aqueous lay er was ex trac ted  w ith e ther (3 x 20 m l). T he 
o rg an ic  ex trac ts  w ere d ried  (N a 2 SC>4 ) and  e v ap o ra ted  to 
dryness under reduced pressure to y ield  the product.
3-P heny lpen tane-l  ,5-diol (118)
3-P heny lg lu taric  acid (119) was reduced  to  the corresponding 
d io l (118) using  general p ro ced u re  (B). T he p ro d u c t was 
ob ta ined  as a c lear oil, (70% ); umax (th in  film ) 3500-3300,
2940, 1600, 1590 and 1050 cm -1; 6H (CD CI3 ) 1.60-1.90 (5H, 
com plex), 3.20-3.70 (4H, com plex) and 7.00-7.30 (5H, com plex); 
m/z 180 (M +), 162 and 105 (100%).
2-P heny lbu tane-l  ,4-diol (120)
P heny lsucc in ic  acid  (121) was reduced  to the correspond ing
dio l (120) using  general p ro ced u re  (B). T he p ro cd u c t was 
ob ta ined  as a c lear oil, (6 8 %); Umax (th in  film ) 3600-3100,
2940, 1600, 1590, 1335 and 1050 cnr* ; 6 H (CDCI3 ) 1.70-2.10 
(2H , com plex), 2.85 (1H, m), 3.30 (2H , t), 3 .40-3 .80  (4H , 
com plex) and 7 .00-7 .40  (5H , com plex); m/z  166 (Af+), 105
(100%) and 91.
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General Procedure (Cl for Mesvlation of a Diol
The diol (26 m m ol) was d issolved in anhydrous TH F (50 ml) 
under a dry n itrogen atm osphere and the so lution was cooled 
to -78 °C. M ethanesu lphonyl ch loride (4 m l, 52 m m ol) was
added w ith stirring  and trie thy lam ine (5.25 g, 52 m m ol) was
added slow ly over 5 min. The m ixture was allow ed to reach 
room  tem p era tu re  o v ern igh t. T he m ix tu re  w as then  poured  
into ice w ater (100 ml) and extracted  w ith dichlorom ethane (3 
x 75 ml). The com bined extracts w ere dried (Na2 SC>4 ), filtered  
and evaporated  to dryness under reduced pressure  to leave an 
oil w hich was crystallised  from  diethyl ether.
Pentane-1 ,5-d iyl d im ethanesulphonate (122)
U sing  p e n ta n e -1 ,5 -d io l (1 2 3 ), p e n ta n e -1 ,5 -d iy l d im e th a n e ­
su lphonate  ( 1 2 2 ) was ob ta ined  as a w hite  c ry sta llin e  so lid  
(65%); m.p. 35 °C; umax (K Br disc) 2940, 1175 and 1040 cm-1;
5H (CDCI3 ) 1.75 (6 H, m), 3.00 (6 H, s) and 4.25 (4H, t); m/z 261
(AT + 1), 165 and 6 8  (100%).
3-M eth y lpen tane-l  ,5-diyl d im ethanesu lphonate  (124)
U sing  3 -m e th y lp e n ta n e - l ,5 -d io l  (1 0 8 ), 3 -m e th y lp e n ta n e - l ,5- 
d iy l d im e th an esu lp h o n a te  (124) w as o b ta in ed  as a w hite  
crystalline solid (63% ); m.p. 59-60 °C; umax (K Br disc) 2960, 
1350, 1175 and 1040 c m '1; 6 H (CDCI3 ) 1.00 (3H, s), 1.50-2.00 
(5H, m), 3.00 (6 H, s) and 4.27 (4H, t); m/z 205, 82 (100%) and 
79; (Found: C, 35.08; H, 6.65; S, 23.59. C 8H 18O 6 S2  requires C, 
35.04; H, 6.57; S, 23.36%).
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3 .3 -D im ethy lpen tane-l  ,5-diyl d im ethanesulphonate  (125) 
U sin g  3 ,3 - d im e th y lp e n ta n e - l ,  5 -d io l  (1 1 0 ), 3 ,3 -d im e th y l-  
p en tan e -l,5 -d iy l d im ethanesu lphonate  (125) was ob ta ined  as a 
w hite crystalline solid (60%); m.p. 63 °C; umax (K Br disc) 2940 
and 1175 cm-1; 5H (200 MHz, CDCI3 ) 0.97 (6 H, s), 1.70 (4H, t), 
2.97 (6 H, s) and 4.24 (4H, t); 6 C (CDCI3 ) 27.22 (q, CCH 3 ), 31.62 (s, 
CCH 3 ), 37.25 (q, O2 SCH 3 ), 40.05 (t, CH2 CH2) and 62.75 (t, OCH2); 
m/z 289 (M + + 1) 193 and 69 (100%); (Found: C, 37.53; H, 6.91; 
S, 22.14. C9 H 2 0 O6 S2  requires C, 37.50; H, 6.94; S, 22.22%).
2.4 -D im ethy lpen tane-l  ,5-diyl d im ethanesulphonate  (126) 
U sin g  2 ,4 - d im e th y lp e n ta n e - l ,5 - d io l  (1 1 2 ), 2 ,4 -d im e th y l-  
p e n ta n e -l,5 -d iy l d im ethanesu lponate  (126) w as ob ta ined  as a 
w hite crystalline solid (59% ); umax (K Br disc) 2940, 1350 and 
1175cm -l; 5H (200 M Hz, CD CI3 ) 0 .80-1.10 (6 H, m), 1.60-2.00 
(4H, m), 2.95 (6 H, s) and 4.00 (4H, d); 5c  (CDCI3 ) m ixture of 
d iaste reo iso m ers: m ajor isom er 15.75 (q, C C H 3 ), 30.13 (d, 
CHCH 3 ), 35.68 (t, CH 2 CH), 37.07 (q, SCH 3 ) and 74.56 (t, CH 2 0 ); 
m inor isom er 17.02 (q, C C H 3 ), 30.28 (d, C H C H 3 ), 36.06 (t, 
CH 2 CH), 37.07 <q, SCH 3 ) and 73.64 (t, CH 2); m/z 179 and 83 
(100%); (Found: C, 37.35; H, 6.94; S, 22.39. C9 H2 o0 6 S2  requires C, 
37.50; H, 6.94; S, 22.22%).
2,2 -D im ethy lpen tane-l  ,5-diyl d im ethanesulphonate  (127) 
U sin g  2 ,2 -d im e th y lp e n ta n e - l ,5 - d io l  (1 1 4 ) , 2 ,2 -d im e th y l-  
p en ta n e -l,5 -d iy l d im ethanesu lponate  (127) w as ob ta ined  as a 
viscous oil (62%); umax (KBr disc) 2940, 1370 and 1175cm_l; 5h 
(CDCI3 ) 1.00 (6 H, s), 1.20-1.90 (4H, m), 3.00 (6 H, s), 3.88 (2H, s) 
and 4.20 (2H, t).
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3 - H y d r o x y -3 - m e th y lp e n ta n e - l  ,5 -d iy l
1,5-dimethanesulphonate (128)
U sing 3 -m e th y lp e n ta n e -l, 3 ,5 -tr io l (116), 3 -h y d ro x y -3 -m eth y l- 
p e n ta n e - l,5 -d iy l 1 ,5 -d im ethanesu lphona te  (128) w as ob ta ined  
as a brow n crystalline solid (48% ); m.p. 90-95 °C; umax (KBr 
d isc) 3600-3300, 2920, 1350 and 1170cm -1; 6 H (CD C I3 ) 1.25 
(3H, m), 1.70-2.00 (4H, m), 3.00 (6 H, s) and 4.20 (4H, m); m/z 
205, 95, 79 and 15 (100%).
G eneral P rocedure  ID) fo r C onverting  D im eth an esu lp h o n a tes  
into D iazides
The dim ethanesulphonate (1.81 mmol) in d istilled  DM SO (2 ml) 
w as added to a solu tion  o f N aN 3 (0.284 g, 4.37 m m ol) in 
d istilled  DM SO ( 8  ml) under a dry n itrogen atm osphere. The 
m ixture was then s tirred  at room  tem peratu re  and m onitored  
by t.l.c . W hen the reaction  w as com plete  the so lu tion  was 
poured into w ater (80 ml) and extracted  w ith diethyl ether ( 2  
x 30 m l). T he organic layers w ere com bined and w ashed with 
w ater (2 x 50 ml). The organic extracts w ere dried (M gS 0 4 ), 
f ilte red  and evaporated  to dryness under reduced  p ressu re  to 
y ie ld  the  p ro d u c t. E x trac tio n  o f  the aqueous lay e rs  w as 
repeated  to increase the yield.
N ote: D ue to the po ten tia lly  exp losive nature o f  the d iazide 
produced, no mass spectrum  could be produced.
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1.5-Diazidopentane (129)
U sing p en tan e-1 ,5 -d iy l d im eth an esu lp h o n a te  (122) and  a fte r  
s tirring  for 1 d, 1 ,5-d iazidopentane (129) was ob ta ined  as a 
yellow oil (71%); R f = 0.78 (chloroform ); umax (thin film) 2940, 
2840, 2100 (s) and 1375 cm-1; 5H (CDCI3 ) 1.55 (6 H, m) and 3.25 
(4H, t).
1.5-D iazido-3-m ethylpentane  (130)
U sing  3 -m e th y lp e n ta n e - l ,5 -d iy l  d im e th a n e su lp h o n a te  (124 ) 
and  stirring  fo r 1 d, l,5 -d iaz id o -3 -m eth y lp en tan e  (130) was 
obtained  as a yellow  oil (72% ); R f = 0.79 (chloroform ); umax 
(thin film) 2940, 2100 (s), 1460 and 1275 cm -1; 5H (CDCI3 ) 0.95 
(3H, s), 1.20-1.90 (5H, complex) and 3.30 (4H, t).
1.5-D iazido-3 ,3-d im ethylpentane (131)
U sin g  3 ,3 - d im e th y lp e n ta n e - l ,5 - d iy l  d im e th a n e s u lp h o n a te
(125) and s tirrin g  fo r 1 d, l ,5 -d ia z id o -3 ,3 -d im e th y lp en ta n e
(131) w as o b ta in ed  as a y e llow  oil (6 8 %); R f = 0 .79
(chloroform ); umax (thin film ) 2960, 2870, 2100 (s), 1475 and 
1275 cm -1; 5H (CDCI3) 0.90 (6 H, s), 1.55 (4H, m) and 3.27 (4H, t);
1.5-d iazido-2 ,4 -d im ethylpen tane  (132)
U sin g  2 ,4 - d im e th y lp e n ta n e - l ,5 - d iy l  d im e th a n e s u lp h o n a te
(126) and s tirrin g  fo r 4 d, l ,5 -d iaz id o -2 ,4 -d im e th y lp e n tan e
(132) w as o b ta in ed  as a y e llow  o il (63% ); R f  = 0.65
(ch lo ro fo rm ); umax (th in  film ) 2960, 2945 , 2870, 2100 (s), 
1460, 1370 and 1275 c m '1; 5H (CDCI3 ) 0.09-1.10 (6 H, m), 1.00- 
1.48 (2H, m), 1.50-2.00 (2H, m) and 3.15 (4H, d).
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5-A zido -2 ,2 -d im e thy l-pen ta n -l  -yl m e thanesu lphonate  (133)  
U sin g  2 ,2 - d im e th y lp e n ta n e - 1,5 -d iy l  d im e th a n e s u lp h o n a te
(127) and s tirring  fo r 7 d, 5 -a z id o -2 ,2 -d im e th y l-p e n ta n -l-y l 
m ethane-sulphonate (133) was obtained as a yellow  oil (48% ); 
umax (thin film ) 2960, 2880, 2100 (s), 1475, 1350 and 1180 
cm -1; 5H (CDCI3 ) 0.95 (6 H, s), 1.20-1.70 (4H, complex), 3.00 (3H, 
s), 3.25 (2H, t) and 3.90 (2H, s).
1,5 -D iazido-3-m ethy lpen tan-3-o l (134)
U sin g  3 - h y d ro x y -3 -m e th y lp e n ta n e - l ,5 -d iy l  1 ,5 -d im e th a n e -  
s u lp h o n a te  (1 2 8 ) and  s tir r in g  fo r  3 d, l ,5 -d ia z id o -3 -  
m ethy lpen tan-3-o l (134) was obtained  as a yellow  oil (60% ); 
umax (th in  film ) 3500-3300, 3200-3100, 2930, 2875, 2100(s), 
1460, 1350, 1270 and 1175 cm -1; 5H (CDCI3 ) 1.20 (3H, m), 1.50- 
2.60 (4H, com plex) and 3.20-3.50 (4H, com plex).
G eneral Procedure (El for the Reduction o f D iazide to D iam ine 
D ih v d ro c h lo rid e
T he d iaz ide  (2 m m ol) w as added to  a suspension  o f 10% 
palladium  on charcoal (10% w/w) in absolute alcohol (15 ml). A 
few  drops o f conc. h y droch lo ric  ac id  w ere added and  the 
suspension was hydrogenated at 1 atm osphere for ca. 18 h. The 
catalyst was filtered  through C elite and the C elite  was w ashed 
thoroughly  w ith  abso lu te  a lcohol and a few  drops o f conc. 
h y d ro ch lo ric  acid . T he so lu tion  w as ev ap o ra ted  to d ryness 
under reduced  p ressu re  to y ield  the d iam ine d ihydroch lo ride . 
T he p roduct w as rec ry s ta llised  from  aqueous ethano l (95% ) 
and acetone.
Pentane-1,5-diamine (Cadaverine) (7) dihydrochloride
1 .5-D iazido-pen tane (129) w as converted  in to  cadaverine  (7) 
d ihydroch loride using general procedure (E). The product was 
obtained as a w hite crystalline solid, (98% ); m.p. 265 °C; omax 
(K B r disc) 3600-3400, 3300-2800, 2030, 1600 and 1475 c m '1; 
5H (200 MHz, D2 O) 1.35 (2H, m), 1.60 (4H, m) and 2.90 (4H, t); 
5c (D20  w ith dioxan as the reference at 67.4 ppm ) 23.50 (t, 
N (CH 2 )2 CH2), 27.70 (t, NCH 2 CH 2 ) and 40.04 (t, NCH2); m/z 103 
(M+ + 1), 8 6  and 30 (100%); (Found: C, 34.09; H, 9.04; N, 16.07; 
Cl, 40.41. C 5H 1 6N 2 CI2  requires C, 34.28; H, 9.14; N, 16.00; Cl, 
40.51% ).
3-Methylcadaverine (57) dihydrochloride
1 .5 -D ia z id o -3 -m e th y lp e n tan e  (130) w as c o n v e rted  in to  3- 
m e th y lc a d a v e r in e  (5 7 ) d ih y d ro c h lo r id e  u s in g  g e n e ra l  
procedure (E). T he product was obtained as a w hite crystalline 
solid, (97% ); m.p. >270 °C (lit . , 71 267-268 °C); umax (K Br disc) 
3600-3300 , 3200-2800, 2500, 2400 and 1475 cm-1; 5H (200 
MHz, D2 0 )  0.74 (3H, d), 1.44 (5H, m) and 2.83 (4H, m); 5C (D20  
w ith dioxan as the reference at 67.4 ppm ) 18.62 (q, CH CH 3 ), 
28.34 (d, CHCH 3 ), 34.16 (t, CH 2 CH 2 N) and 38.30 (t, CH 2 CH 2 N); 
m/z 112, 70 and 30 (100%).
3,3-Dimethylcadaverine (58) dihydrochloride
1 .5 -D iazido-3 ,3-d im ethy lpen tane (131) w as converted  in to  3,3- 
d im eth y lcad av erin e  (57) d ihydroch lo ride  using p rocedure  (E). 
The product was obtained as a w hite crystalline solid , (96% ); 
m .p. 268 °C ( li t . , 71 247-249 °C); umax (K Br disc) 3600-3400,
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2940, 2520, 2450 and 1510 cm*1; 6 H (200 MHz, D2 0 )  0.63 (6 H, 
s), 1.47 (4H, m) and 2.89 (4H, m); 6 c  (D20  with dioxan as the 
reference at 67.4 ppm) 26.21 (q, CCH 3 ), 31.68 (s, CCH 3 ), 36.66 
(t, CH2 CH2 N) and 39.11 (t, CH2 N); (Found: C, 41.24; H, 10.00; N, 
13.61; Cl, 35.12. C 7 H 2 0 N2 C12  requires C, 41.38; H, 9.85; N, 13.79; 
Cl, 34.97%).
2.4-Dimethylcadaverine (60) dihydrochloride
1 .5 -D ia z id o -2 ,4 -d im e th y lp e n ta n e  (132) w as c o n v e rte d  in to  
m es 0 - 2 ,4 -d im e th y lc a d a v e r in e  (60 ) d ih y d ro c h lo r id e  u s in g  
general p rocedure  (E). The p roduct was obtained  as a w hite 
crysta lline  solid, (80% ); m.p. 220-225 °C ( li t . , 7 1  223-224 °C); 
umax (K B r disc) 3500-3300, 3200-2800, 2380, 1495 and 1400 
cm -1; 5H (200 MHz, D2 0 )  0.76 (3H, d), 0.80 (3H, d), 0.97-1.20 
(2H , com plex), 1.65-1.83 (2H, com plex) and 2 .46-2 .85  (4H, 
com plex); 6 c  (D 20  with dioxan as the reference at 67.4 ppm) 
M ixture o f isom ers: m ajor isom er 16.00 (q, CH CH 3 ), 29.08 (d, 
CH CH 3 ), 38.20 (t, CH 2 CH 2 N) and 46.30 (t, CH 2 N); m inor isom er
17.00 (q, CH CH 3 ), 29.03 (d, CH CH 3 ), 38.90 (t, CH 2 CH 2 N) and 
45.40 (t, CH2 N); m/z 131 (M + + 1), 113, 98 and 30 (100%).
3-H ydroxy-3-m ethylcadaverine (59) d ihydrochloride
1 .5 -D iaz ido -3 -m ethy lpen tan -3 -o l (134) w as co nverted  in to  3- 
h y d ro x y -3 -m e th y lc a d a v e r in e  (5 9 ) d ih y d ro c h lo r id e  u s in g  
general p rocedure (E). T he p roduct w as ob tained  as a w hite 
c ry sta llin e  so lid  a fte r rec ry s ta llisa tio n , (60% ); m .p. 250 °C 
( lit . , 71  249 °C); umax (K Br disc) 3500-3300, 2975, 2560, 2330, 
2030, 1450 and 1120 c m '1; 6 H (D2 0 )  3.00 (4H, m), 1.70 (4H, m) 
and 0.90 (3H, s); m/z 135, 71 and 30 (100%).
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3-Phenylcadaverine (61) dihydrochloride  
S t e p l 9 7
Preparation o f H vdrazoic A cid
Sodium  azide (32.5 g, 0.5 mol) and w ater (32.5 ml) were m ixed 
in to  a paste , and benzene ( 2 0 0  ml) was added w ith stirring , 
and the w hole reaction  m ixture was cooled  to below  10 °C. 
Conc. sulphuric acid was added dropw ise (1 m ole o f acid to 2 
m oles sodium  azide), and the tem perature o f  the m ixture was 
m aintained below  10 °C. The m ixture w as cooled to 0 °C and 
the organic layer was decanted and dried (Na2 SC>4 ), filtered and 
titrated  w ith 1 M sodium  hydroxide solution.
S te p 2
Reaction o f Hvdrazoic Acid with the Diol
A solution o f hydrazoic acid in benzene (1.1 M, 9.85 ml, 10.84 
m m ol), was added to 3 -p h en y lp en tan e-l,5 -d io l (118) (0.812 g, 
4.51 m m ol) in anh y d ro u s  TH F (10 m l). A so lu tio n  o f  
d iisop ropy lazod icarboxy la te  (1.98 g, 9.92 m m ol) in anhydrous 
TH F ( 8  ml) was added with stirring. To this m ixture was added 
triphenylphosphine (5.21 g, 19.2 m m ol) in anhydrous TH F (30 
m l). [The reaction  tem perature, w hich depends on the rate  o f 
add ition , m ust be kept at 40 °C .] T he reaction  m ixture was 
stirred  for 1 h at room  tem perature, then w as heated  at 50 °C 
for 3 h. W ater (2 ml) was added and the solution stirred for a 
fu rth er 3 h. T he so lven ts w ere rem oved  in vacuo  and the
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residue was partitioned  betw een 1 M hydrochloric acid (60 ml) 
and d ich lorom ethane (60 ml). The aqueous layer was fu rther 
ex tracted with dichlorom ethane (2 x 60 ml). The aqueous layer 
was evaporated  to dryness under reduced pressure to y ield  3 - 
p h en y lc a d a v e rin e  d ih y d ro c h lo rid e  w hich  w as re c ry s ta ll is e d  
using 95% aqueous ethanol and acetone, (45% ); m.p. 238-243 
°C; Umax (K B r disc) 3600-3300, 3100-2900, 2300, 1600 and 
1500 c m ^ ; 6 h  (200 M Hz, D2 O) 1.80-1.90 (4H, com plex), 2.48- 
2.66 (5H, com plex) and 7.10-7.25 (5H, com plex); 6 c  (D 2 O with 
dioxan as the reference at 67.4 ppm) 34.22 (t, CH2 CH 2 N), 38.59 
(t, CH 2 N), 41.12 (d, CHPh), 128.30 (d, Ar-C), 128.44 (d, Ar-C),
130.00 (d, Ar-C) and 142.54 (d, Ar-C); m/z 179 (AT + 1), 178 
(M +), 135, 101, 91 and 30 (100%); (Found: C, 51.70; H, 7.77; N,
11.29. C 11H2 0 N2 CI2  requires C, 52.59; H, 7.97; N, 11.16%).
F irs t  A tte m p te d  S y n th e s is  o f  2 -M e th v lp u tre sc in e  (1351 
D ih v d ro c h lo rid e 8 6
3-Methyladipic diamide dihydrate (136)
3-M ethyladipic acid (137) (3.07 g, 19.2 mmol) was disolved in 
ethanol (100 ml) at -40 °C with stirring. Dry am m onia (200 ml) 
was d is tilled  from  sodium  and bubbled  th rough  the reaction  
m ix tu re  over 2 h at -40 °C. A w hite  p rec ip ita te  form ed 
im m ediately . T he reaction  tem perature was allow ed  to warm  
to room  tem perature overnight. The m ixture was evaporated  to 
d ry n e ss  u n d e r re d u c e d  p re s su re  and  th e  re s u l ta n t  3- 
m e th y lad ip ic  d iam ide  d ih y d ra te  w as o b ta in ed  as a w h ite  
c ry sta llin e  solid  w hich was recrysta llised  using w ater, (75% ); 
m.p. 186-189 °C (L it . 8 6  191 °C); umax (K B r disc) 3600-3300,
1 63
3100-2800, 2200, 1975, 1560 and 1400 cm -1; 5H (D 20 )  1.05 
(3H, d), 1.50-1.80 (3H, com plex) and 1.90-2.50 (4H, com plex); 
m/z 143, 142, 114, 100, 72.5, 59 and 55 (100% ); (Found: C, 
43.30; H, 9.28; N, 14.43. C 7H 18O 4N 2 requires C, 43.36; H, 9.28; N, 
14.54% ).
2-M ethylputreseine dibenzoyl derivative (138)
Brom ine (1.02 g, 6.38 mmol) was added dropw ise to a stirring 
solution o f sodium  hydroxide (1.42 g, 33.5 mmol) in w ater (2.8 
ml) and ice (4 g). 3 -M ethylad ip ic  d iam ide d ihydra te  (0.5 g,
2 .58 m m ol) w as added cau tiously  in sm all portions to the 
reaction  m ixture, w hich w as then stirred  overn igh t at 40 °C. 
T he reac tio n  m ix ture  was then  coo led , filte red  and shaken 
gently w ith benzoyl chloride (1.2 g, 8.54 m m ol). The resu ltan t 
solid  was filtered and recrystallised  from 95% aqueous ethanol, 
m.p. >230 °C; 5h  (CDCI3 ) 7.50-8.50 (com plex); m/z 122, 121 and 
105 (100% ).
S eco n d  A ttem p ted  S y n th e s is  o f  2 -M e th v lp u tre sc in e  11351 
D ih v d ro c h lo rid e
1,2-Dicyanopropane (139)
A solution o f dibrom opropane (2 g, 9.9 mmol) in distilled DMSO 
( 1 0  ml) was added dropw ise to a s tirred  m ixture o f sodium  
cyanide (1.08 g, 22 mmol) and distilled DM SO (20 ml) under a 
dry nitrogen atm osphere at 80 °C. The m ixture was stirred  at 
th is tem perature  overnight. The resu ltan t m ix ture  was d ilu ted  
with d ichlorom ethane (50 ml) and w ashed w ith b rine (5 x 50 
m l). T he organ ic  ex trac t w as d ried  (N a2 S 0 4 ), f ilte red  and
164
evapora ted  to dryness under reduced  p ressu re  to y ie ld  1 ,2 - 
d icyanopropane  (139), (50% ); umax (th in  film ) 3200, 2980, 
2950, 2250 (s), 1630, 1470, 1425 cm-1; 6 H (CDC13) 1.55 (3H, d), 
2.75 (2H, d) and 2.90-3.20 (1H, m); m/z 95 (M + + 1), 6 8 , 54, 41 
( 1 0 0 %) and 28.
2-M ethylputreseine (135) dihydrochloride
1,2-D icyanopropane (139) (0.214 g, 2.28 mmol) was added to a 
suspension  o f  A dam s' ca ta lyst (15% w /w ) in d is tilled  acetic  
a n h y d rid e  (25 m l). T he m ix tu re  w as h y d ro g en a ted  a t 1 
a tm osphere fo r ca. 18 h. T he m ix tu re  was filte red  th rough  
F lo ris il and w ashed w ith g lacia l acetic  acid  (25 m l). Cone, 
hydroch loric  acid was added and the so lution was evaporated  
to dryness to y ield  2-m ethylputrescine, (15% ); umax (K Br disc) 
3600-3100 (b), 2360, 2330, 2310, 1635, 1570 and 1400 en r* ; 
bH (D 2 O) 0.90 (3H, d), 1.10-1.90 (3H, com plex) and 2.98-3.30 
(4H, com plex); m/z 102 (M +), 8 6 , 72, 58, 43 (100%) and 30.
G eneral P rocedure IF) fo r the C onversion  o f  D iam ines in to  
D iam ine D ihvdroch lorides
D iam ine (2 m m ol) was p a rtitio n ed  betw een  d ich lo rom ethane  
(80 ml) and 1 M hydrochloric acid (80 ml). T he aqueous layer 
was fu rther ex tracted  w ith d ichlorom ethane (2 x 80 ml). The 
aq u eo u s la y e r  w as e v ap o ra ted  to  d ry n ess  u n d er red u ced  
p re ssu re  leav in g  th e  d iam in e  d ih y d ro c h lo r id e  w hich  w as 
recrysta llised  from aqueous ethanol (95% ) and acetone.
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Putrescine (1) dihydrochloride
U sing b u tan e-1 ,4 -d iam in e , the  co rresp o n d in g  d ih y d ro ch lo rid e  
was obtained as a w hite crystalline solid after recrystallisation , 
(81% ); m.p. >270 °C; umax (K Br disc) 3400-3300, 3100-2900, 
2560, 2040, 1470 and 1450 cm-1; 5H (D 2 0 )  1.60-1.90 (2H, 
com plex) and 2.95-3.10 (2H, m); m/z 89 (M + + 1), 8 8  (M +), 72 
and 30 (100%); (Found: M + 88.0990; C, 29.84; H, 8.89; N, 17.52. 
C4 H 14N 2 CI2  requires AT 88.1000; C, 29.81; H, 8.70; N, 17.39%).
2-M ethylcadaverine (62) dihydrochloride
U sin g  2 - m e th y lp e n ta n e - 1,5 -d ia m in e ,  th e  c o r re s p o n d in g  
dihydrochloride was obtained  as a w hite crystalline solid  a fter 
recrystallisation, (75%); m.p. 165-167 °C; umax (K Br disc) 3500- 
3400, 3100-2900, 2400 and 2040 cm-1; 5h  (d 2 o )  1.00 (3H, d), 
1.20-2.10 (5H, com plex), 2.95 (2H, t) and 3.05 (2H, d); m/z 117 
(M + + 1), 100, 56 and 30 (100%); (Found: C, 38.01; H, 9.49; N, 
14.73. C6H 18N2 CI2  requires C, 38.09; H, 9.52; N, 14.81%).
Ethane-1,2-diamine (64) dihydrochloride
U sing e th an e-1 ,2 -d iam in e , th e  co rresp o n d in g  d ih y d ro ch lo rid e  
was obtained as a white crystalline solid, (70% ); umax (KBr disc) 
3500-3200, 2920, 2680, 2500, 1510 and 1035 cm-1; 6h  (D 2 q )
3.30 (4H, m); m/z 61 (M + + 1) and 30 (100%); (Found: C, 18.27; 
H, 7.62; N, 21.14. C2 H 1 0 N2 CI2  requires C, 18.04; H, 7.52; N, 
21 .05% ).
Propane-1,3-diamine (65) dihydrochloride
U sing p ropane-1 ,3 -d iam ine , the co rrespond ing  d ih y d ro ch lo rid e  
was obtained as a w hite crystalline solid, (70% ); umax (KBr disc)
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3600-3400, 3000, 2695, 2500, 2420, 1480 and 1465 cm-1; 6h  
(D 2 O) 1.90-2.20 (2H, com plex) and 2 .95-3 .20  (4H , com plex); 
m/z 75, 57, 44 and 30 (100% ); (Found: C, 24.67; H, 7.94; N, 
18.96. C 3H 12N2 CI2  requires C, 24.49; H, 8.16; N, 19.05%).
H exane-1,6-diamine (66) dihydrochloride
U sing h ex an e-1 ,6 -d iam ine, the co rrespond ing  d ih y d ro ch lo rid e  
was obtained as a w hite crystalline solid, (75% ); Umax (K Br disc) 
3500-3300, 2940, 2500, 2430, 2040, 1500 and 1480 cm r1; 6 H 
(D 2 O) 1.32-1.92 ( 8 H, com plex) and 3.05 (4H, t); m/z 117 (M* + 
1), 101, 87, 56 and 30 (100% ); (Found: C, 37.96; H, 9.68; N,
14.70. C 6H 18N2 CI2  requires C, 38-09; H, 9.52; N, 14.81%).
Heptane-1,7-diamine (67) d ihydrochloride
U sing hep tane-1 ,7 -d iam ine , the co rrespond ing  d ih y d ro ch lo rid e  
was obtained as a w hite crystalline solid, (75% ); umax (K Br disc)
3500-3300, 2940, 2500, 2000, 1500 and 1470 c m 1; 5h  (D 2 O)
1.50-1.80 (6 H, com plex), 1.82-2.00 (4H, com plex) and 3.20 (4H, 
t); m/z 131 (M* + 1), 115, 56 and 30 (100% ); (Found: C, 41.24;
H, 10.18; N, 13.83. C 7 H2 0 N 2 CI2  requires C, 41.37; H, 9.85; N, 
13.79% ).
Octane-1,8-diamine (68) dihydrochloride
U sing o c tan e-1 ,8 -d iam in e , the co rresp o n d in g  d ih y d ro c h lo rid e  
was obtained as a w hite crystalline solid, (75% ); umax (K Br disc)
3500-3300, 2930, 2330, 2050, 1505 and 1480 cm -1; 6 H (D 2 O)
I.40-1 .60  (8 H, m), 1.60-1.90 (4H, m) and 3.05 (4H, t); m/z 145 
(M* + 1), 115, 72, 44 and 30 (100%); (Found: C, 44.12; H, 10.36; 
N, 12.91. C8 H2 2 N2 CI2  requires C, 44.24; H, 10.14; N, 12.90%).
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Nonane-1,9-diamine (69) dihydrochloride
U sing n o n an e-1 ,9 -d iam in e , the co rresp o n d in g  d ih d ro ch lo rid e  
was obtained as a w hite crystalline solid, (70% ); umax (KBr disc) 
3500-3300, 2930, 2860, 2050, 1595 and 1465 cm-1; 5h  (D 2 o )
I.40-1 .60  (10H, m), 1.60-1.90 (4H, m) and 3.10 (4H, t); m/z 
160, 129, 8 6 , 44 and 30 (100%); (Found: C, 45.40; H, 10.45; N,
II.7 0 . C9 H 2 4 N2 CI2  requires C, 46.75; H, 10.39; N, 1 2 .1 2 %).
Decane-1,10-diamine (70) dihydrochloride  
U sing d e c an e -1,10-d iam ine, the co rrespond ing  d ihydroch lo ride  
was obtained as a w hite crystalline solid, (70%); umax (K Br disc) 
3500-3300, 2920, 2850, 2500, 2320, 2050 and 1510 c m '1; 5H 
(D 2 O) 1.37-1.58 (10H, com plex), 1.60-2.10 (6 H, "com plex) and 
3.10 (4H, t); m/z 173 (M + + 1), 156, 44 and 30 (100%); (Found: 
C, 49.00; H, 10.67; N, 11.36. C 10H 2 6 N 2 CI2  requires C, 48.98; H, 
10.61; N, 11.43%).
Dodecane-1,12-diamine (71) dihydrochloride  
U sing  d o d e c a n e -1 ,1 2 -d ia m in e , th e  c o rre sp o n d in g  d ih y d ro ­
chloride was obtained as a w hite crystalline solid, (70% ); umax 
(K Br disc) 3500-3300, 2910, 2850, 2500, 2320, 2050, 1510 and 
1470 cm -1; 5H (D2 O) 1.10-1.35 (16H, m), 1.40-1.70 (4H, m) and
2.95 (4H, t); m/z 201 (M + + 1), 185, 100 and 30 (100%); (Found: 
C, 52.77; H, 11.07; N, 10.22. C 12H 3 0 N 2 CI2  requires C, 52.75; H, 
10.99; N, 10.26%).
Tetramethylene Triamine (86) Trihydrochloride  
By em p lo y in g  th e  g en e ra l p ro c e d u re  d e sc rib e d  fo r the  
conversion  o f  d iam ines in to  d ihydroch lo rides bu t using 2 M
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hydrochloric  acid, te tram ethy lene triam ine was converted  into 
the co rrespond ing  trih y d ro ch lo rid e . T his w as ob ta ined  as a 
w hite crystalline solid, (75%); umax (KBr disc) 3600-3350, 3250, 
3000, 2910, 2690, 2590, 2540, 1560 and 1490 cm-1; 5h ( 2 0 0  
MHz, D2 0 )  3.14-3.41 (8 H, com plex); 6 c  (D 2 0  w ith dioxan as the 
re fe re n c e  a t 67 .4  ppm ) 3 7 .70  (t, C H 2 N) and  45.81 (t,
CH2 NCH 2 CH2 N); m/z 104 (M + + 1), 73, 44 (100%) and 30.
1.5-b\s(N-Piperidyl)pentan-3-one (77) dihydrochloride  103 
A cetone (0.90 g, 15.51 m m ol) was added to a so lu tion  o f 
p ip e r id in e  d ih y d ro c h lo r id e  (3 .63  g, 2 9 .8 8  m m ol), p a ra ­
form aldehyde (0.90 g, 29.88 m m ol) and g lacial acetic acid ( 6  
ml) at 110 °C. The solution was heated at reflux for 2.5 h. The 
so lven t w as rem oved  under reduced  p ressu re . T he resu ltan t 
so lid  w as tr itu ra te d  w ith  ho t ace to n e  and  then  w ith  hot 
c h l o r o f o r m .  1 ,5 - f c / s ( iV - p ip e r id y l ) p e n ta n - 3 - o n e  ( 7 7 )  
d ihydrochloride was obtained as a w hite crystalline solid which 
w as rec ry s ta llised  using m ethanol, (15% ); m .p. 218-220  °C 
(lit.,1°3 212-214 °C); umax (K B r disc) 3600-3200, 2650, 2525, 
1730, 1500 and 1400 c n r 1; 6 H (200 M Hz, D2 0 )  1.15-1.80 (12H, 
com plex), 2.74 (4H, m), 2.92 (4H, m), 3.16 (4H, m) and 3.29 (4H, 
m); 6 c  (D20  with dioxan as the reference at 67.4 ppm ) 21.80 (t, 
CH 2 (CH 2 )2 N), 23.56 (t, CH 2 CH 2 N), 37.11 (t, CH 2 CO), 51.76 (t, 
CH 2 N) and 54.37 (t, NCH 2 CH2 CO); m/z 168, 167, 98 (100%) and 
84 .
1.6-bis(N-Piperidyl)hexane (78) dihydrobromide  104 
P iperidine (2.92 g, 34.8 mmol) was added to w ater (30 ml). To 
this solu tion  1 ,6 -dibrom ohexane (84) (2.12 g, 8.7 m m ol) was
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added  w ith  stirring . T he m ixture was heated  at reflux  and 
m onitored by t.l.c. W hen the reaction was com plete (ca. 6  h) 
th e  m ix tu re  w as ev a p o ra te d  to  d ry n ess  u n d e r red u ced  
p r e s s u r e  to  y ie ld  1 , 6 - & /s ( A - p ip e r id y l ) h e x a n e  (78)  
dihydrobrom ide as a w hite c ry sta lline  solid . T he p roduct was 
recry sta llised  using m ethanol, (55% ); m.p. 281-283 °C; umax 
(K B r disc) 3600-3300, 2960, 2940, 2640, 2540 and 1450 c m 1; 
5 h  (200 M Hz, D2 O) 1.10-1.85 (20H, com plex), 2.70 (4H, m), 2.86 
(4H, m) and 3.26 (4H, m); 5c (D 2 O with dioxan as the reference 
at 67.4 ppm) 21.99 (t, C-9, 10), 23.65 (t, C-4, 16), 24.04 (t, C -8 ,
12), 26.15 (t, C-3, 5, 15, 17), 53.65 (t, C-7, 12) and 57.55 (t, C-2,
6 , 14, 18); m/z 252 (M +), 168, 154, 98 (100%) and 84.
A tte m p te d  S y n th e s is  o f  1 .5 -fr /s (N -P ip e r id y P p e n ta n e  180)
d ih v d ro b ro m id e
M ethod 1 104
Piperidine (2.95 g, 34.8 mmol) was added to w ater (30 ml). To 
this solution 1,5-dibrom opentane (82) (2 0 g, 8.7 mmol) was 
added w ith  stirring. The reaction  was m onitored  by t.l.c . and
when it was com plete (ca. 1 h) the m ixture was evaporated to
dryness to y ield  a m ixture o f products.
M ethod 2
A solution o f the 1,5-dibrom opentane (82) (0.07 g, 3 m m ol) in 
dry w -butanol (4 m l) w as added  to  a s tirred  m ix tu re  o f 
p ip e rid in e  (0.51 g, 7.2 m m ol), anhydrous sodium  carbonate  
(0.76 g, 7.2 mmol) and potassium  iodide (0.83 g, 0.5 m m ol),
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and the m ixture was stirred for ca. 18 h at 90 °C. The solution
was cooled and the solid was filtered  and w ashed with diethyl
e ther (50 ml). The w ashings and filtra te  w ere com bined  and
extracted with 4 M hydrochloric acid (3 x 50 ml). The aqueous 
layers w ere w ashed w ith d iethyl e ther ( 2  x 1 0 0  m l), basified
w ith sodium  carbonate and ex trac ted  w ith d iethy l e ther (3 x 
100 ml). T he ethereal ex tracts w ere dried  (N a2 SC>4 ), filtered  
and ev ap o ra ted  to d ryness to y ie ld  a com plex  m ix tu re  o f  
products in poor yield.
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7.3 Experim ental to Chapter 5 and 6
Synthesis o f 3 .4-D im ethoxvbenzovlacetic  acid (5 0 )15>113
3.4-Dimethoxybenzoyl chloride (88)
3 .4-D im ethoxybenzoic  acid  (87) (5 g, 0.027 m ol) in th ionyl 
ch lo rid e  (5 ml) was heated  at re flux  overn igh t. T he excess 
th ionyl ch loride was rem oved by concentration  under reduced  
p ressu re  leaving the acid  ch lo ride  in quan tita tiv e  yield . The 
acid  ch loride w as used im m ediately  in the next stage. (The
distilled  thionyl chloride was quenched with NaHCC>3 .) m .p. 73- 
75 °C; Umax (K Br disc) 3080, 2980, 1760, 1590, 1510, 1270,
1135 and 1015 cm-1; 5h (CDCI3) 3.90 (3H, s), 6.90 (1H, d), 7.52 
(1H, br s) and 7.82 (1H, d, with fine splitting).
Ethyl 3 ,4-dimethoxybenzoylacetoacetate (89)
To a suspension o f ethyl acetoacetate (10.66 g, 0.0815 mol) and 
sodium  (1.64 g, 0.0713 mol) in anhydrous THF (75 ml) under a 
n itrogen  atm osphere, the acid  ch loride (8 8 ) (7 .997 g, 0 .0272 
mol) in anhydrous TH F (40 ml) was added dropw ise with good 
m ixing. The solution was heated  at reflux for 5 h and left to 
stand overnight. The p recip ita te  was filtered  and w ashed with 
diethyl ether. T he sodium  salts w ere d isso lved  in cold w ater
(1.5 1) and decom posed with 10% hydrochloric acid. T he diketo 
es te r separated  as an oil w hich w as ex trac ted  w ith  d iethy l 
e ther (5 x 250 ml). The com bined organic extracts w ere dried 
(N a2 SC>4 ), filte red , and evaporated  to d ryness under reduced  
pressure to yield  the product (89) (80% ); m.p. 79-81 °C; umax 
(K B r disc) 2980, 1720, 1710, 1680, 1595, 1525, 1460, 1280
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and 1130 cm-1; 5fl (CDCI3 ) 1.15 (3H, t), 2.20 (3H, s), 3.80 (6 H, s), 
4.15 (2H, q), 5.20 (1H, s), 6.70 (1H, d), 7.35 (1H, br s) and 7.40 
(1H, d, w ith fine splitting); m/z 295 (M + + 1), 294 (M +), 252, 
221 and 165 (100%).
Ethyl 3 ,4-dimethoxybenzoylacetate (90)
E thyl 3 ,4 -d im e th o x y b en zo y lace to ace ta te  (89) (6 .89  g, 0 .023 
m ol) w as added to aqueous ethanol (90% , 30 ml). To this 
m ixture sodium  acetate (96 mg, 1.17 mmol) was added a n d .th e  
m ixture was heated at 100 °C for ca. 20 h. A fter a long period 
o f cooling the product crystallised  (82% ); m.p. 44-45 °C; umax 
(K B r disc) 2940, 2840, 1735, 1675, 1595, 1510, 1420, 1275, 
1150 and 1025 cm-1; 5h (CDCI3 ) 1.25 (3H, t), 3.90 (6 H, s), 4.18 
(2H, q), 6.90 (1H, d), 7.50 (1H, b r s) and 7.58 (1H, d, with fine 
splitting); m/z 253 (M + + 1), 252 (Af+), 165 (100%), 137 and 87; 
(Found: M + 252.0997; C, 61.90; H, 6.43. C 13H 16O 5 requires M + 
252.0998; C, 61.90; H, 6.35%).
3,4-Dimethoxybenzoylacetic acid (50)
This stage was not carried  out until 2 d before  the acid was 
re q u ire d  fo r th e  fin a l co u p lin g  s tag e . T h e  (3-keto ac id  
d ecarb o x y la tes  read ily .
A so lu tion  o f the es te r (90) (2 .02 g, 8 .0  m m ol) in 2.5% 
potassium  hydroxide solution (140 ml) was stirred  for 48 h at 
room  tem perature. T he solution was then w ashed with diethyl 
ether (3 x 40 ml), acidified at 10 °C with 2 M sulphuric acid and 
extracted w ith diethyl ether (5 x 50 ml). The com bined organic 
ex trac ts  w ere  d ried  (N a 2 SC>4 ), f ilte re d , and  ev ap o ra ted  to
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dryness under reduced  pressu re  at room  tem perature  to y ield
3 ,4-d im ethoxybenzoylacetic  acid (50) w hich was stored  <0 °C 
(75% ); m.p. 30 °C (decarb.); umax (K Br disc) 3200-2800, 1740, 
1675, 1590, 1515, 1420, 1270, 1150 and 1025 cm-1; 6h (CDC13) 
3.92 (3H, s), 3.95 (3H, s), 4.02 (2H, s), 6.95 (1H, d), 7.52 (1H, br 
s) and 7.65 (1H, d, with fine splitting); m/z 181, 180, 137, 165 
(100%) and 43.
General Procedure for O xidative D eam ination o f D iam ines using 
D ia m in e  O x id a se  and  S u b sq u e n t C o u p lin g  w ith  3 .4 - 
D im ethoxybenzov lacetic  acid
A so lu tion  o f 3 ,4 -d im e th o x y b en zo ^ ace tic  acid  (50) (0 .44 g, 
1.96 m m ol), diam ine d ihydrochloride (0.1 M aqueous solution, 
20 ml) and 0.02 M sodium  phosphate buffer (pH 7, 7 ml) was 
prepared. The pH was adjusted to 7 if  necessary. C atalase (0.2 
mg) and pea seedling DAO (300 jul, ca. 200 mg, enzyme activity 
1200 units per mg) were added. The solution was incubated on 
a shaker at 25 °C for 24 h. The pH was m onitored throughout 
the reaction  and did not rise  above pH 7. T he solution was 
acid ified  w ith d ilu te sulphuric acid and ex tracted  w ith diethyl 
ether (4 x 30 ml). The aqueous solution was basified  with conc. 
am m onia and ex trac ted  w ith  ch lo ro fo rm  (3 x 30 m l). T he 
com bined  organ ic  ex tracts w ere d ried  (N a 2 SC>4 ), f ilte red  and 
ev ap o ra ted  to d ryness under reduced  p ressu re  to y ie ld  the 
p ro d u c t.
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3' ,4 '-D im ethoxy-2 '-(2-piperidyl)acetophenone (49) 15 
U sing cadaverine  (7) d ih ydroch lo ride  as the  substra te , 3 ',4 '- 
d im e th o x y -2 ’-(2 -p ip e rid y l)ace to p h en o n e  (49) w as o b ta in ed  as 
a yellow  solid after crystallisation from acetone (52% ); m.p. 81- 
82 ° c ; (Ht. , 15 79-80.5 °C); umax (K Br disc) 3340, 3080, 2940, 
2790, 1670, 1600, 1585, 1515, 1450, 1260, 1160 and 1025 c n r  
!; SH (200 MHz, CDCI3 ) 1.00-1.90 (6 H, com plex), 2.50-2.70 (2H, 
com plex), 2.70-3.10 (3H, com plex), 3.95 (6 H, s), 6.90 (1H, d), 
7.50 (1H, s) and 7.60 (1H, d, with fine splitting); 5 c(C D C l3 ) 24.54 
(t, CH 2 (CH 2 )2 N), 25.75 (t, CH 2 CH 2 N), 32.50 (t, CH 2 (CH 2 )2 CO),
44.86 (t, CH 2 CO), 46.69 (t, CH2 N), 53.02 (d, CHN), 55.78 (q, 
C H 3 O), 55.90 (q, C H 3 O), 109.62 (d, A r-C ), 122.75 (d, A r-C ), 
130.16 (s, Ar-C), 148.83 (s, Ar-C), 153.23 (s, Ar-C) and 197.69 
(s, CO); m/z 264 (M + + 1), 263 (M +), 180, 165, 137, 98 and 55 
(100% ); (F ound : M + 2 6 3 .1 5 2 1 . C is H 2 iN 0 3  req u ire s  , M +
2 6 3 .1 5 2 1 ) .
3 ',4 '-D im ethoxy-2 '-(2 -pyrro lidyl)ace tophenone  (91)
U sing p u tresc in e  (1) d ih y d ro ch lo rid e  as th e  substra te , 3 ’,4'- 
d im eth o x y -2 '-(2 -p y rro lid y l)ace to p h en o n e  (91) w as o b ta ined  as 
a yellow  oil (60% ); u max (thin film ) 3600-3200, 2920, 2850, 
2360, 2340, 1670, 1640, 1600, 1515, 1215 and 1050 c m '1; bH 
(CD C I3 ) 1.30-1.50 (4H, com plex), 2.20 (1H, b r s), 3.30 (5H,
complex), 3.95 (6 H, s), 6.90 (1H, d), 7.52 (1H, s) and 7.60 (1H, d,
w ith fine splitting); m/z 250 (M + + 1), 249 (M +), 180, 165, 137,
84 and 28 (100%); (Found: M + 249.1355. C 14H 19O 3N requires M + 
2 4 9 .1 3 6 5 ) .
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3' ,4 '-D im e th o x y -2 '-[2 -(4 -m e th y l) -p ip e r id y l]a ce to p h e n o n e (9 2 )  
U sin g  3 -m e th y lc a d a v e r in e  (57 ) d ih y d ro c h lo r id e  as th e  
s u b s tr a te ,  3 ',4 ,- d im e th o x y - 2 '- [ 2 - ( 4 -m e th y l) -p ip e r id y l] a c e to -  
phenone (92) was obtained as a yellow oil (55% ); HPLC (reverse 
phase colum n) 1.51 (85.6% ) and 4.42 (8.7% ) min; umax (thin 
film ) 3600-3300, 2950, 2930, 2560, 2450, 2040, 1670, 1595, 
1515, 1270 and 1020 cm ’1; 5H (200 M Hz, CD CI3 ) 0.81 (3H, d), 
0 .90-1 .30  (2H, com plex), 1 .50-1.90 (4H, com plex), 2 .82-3 .62  
(5H, com plex), 3.72 (3H, s), 3.75 (3H, s), 6.92 (1H, d), 7.33 (1H, 
s) and 7.52 (1H, d, w ith fine splitting); 6 c  (CDCI3 ) 21.78 (q, 
C H 3 CH ), 29.87 (d, C H C H 3 ), 31.06 (t, CH 2 C H 2 N), 37.60 (t, 
CH2CHCH2 CO), 41.92 (d, CH2 CO), 46.12 (t, CH2 N), 54.39 (d, CHN),
56.86 (q, CH 3 O), 57.05 (q, CH 3 O), 111.44 (d, A r-C), 112.06 (d, 
A r-C ), 125.29 (d, A r-C ), 129.93 (d, A r-C ), 149.28 (d, A r-C ), 
154.78 (d, Ar-C) and 199.65 (s, CO); m/z 277 (M +), 180, 165, 
112, 98 (100% ), 42 and 28; (Found: M + 277.1672. C 16H 2 3 N O 3 
req u ires  277 .1678).
3 ',4 -D im ethoxy-2 '-[2 -(5 -m ethy l)-p iperidy l]ace tophenone  (95) 
U sin g  2 -m e th y lc a d a v e r in e  (6 2 ) d ih y d ro c h lo r id e  as the  
s u b s tr a te ,  3 , ,4 l-d im e th o x y -2 ‘- [2 - (5 - m e th y l) - p ip e r id y l] a c e to -  
phenone (95) was obtained as a yellow oil (60%); HPLC (reverse 
phase colum n) 1.40 (25.42% ) and 4.51 (66.20% ) min; umax (thin 
film ) 3350-3300, 3050, 2960, 2940, 2260, 1640, 1600, 1515, 
1420, 1270 and 1060 cm -1; 6 H (200 MHz, CDCI3 ) 0.79 (9/4H, d), 
0.86 (1/4H, d), 1.10-1.78 (5H, com plex), 2.27 (2H, m), 2.32-2.80 
(3H, com plex), 3.87 (3H, s), 3.88 (3H, s), 6.81 (1H, d, w ith fine 
splitting), 7.45 (1H, complex) and 7.50 (1H, com plex); 6 c  (CDCI3 ) 
m ajor product: 19.39 (q, CH CH 3 ), 31.30 (d, CH CH 3 ), 32.49 (t,
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CH 2 CHCH 3), 33.33 (t, CH2 CHN), 44.64 (t, CH 2CO), 52.68 (d, CHN), 
54.25 (t, CH2 N), 55.79 (q, OCH 3 ), 55.92 (q, OCH 3 ), 109.81 (d, Ar- 
C), 122.76 (d, Ar-C), 130.13 (d, Ar-C), 148.82 (d, Ar-C), 153.21 
(d, Ar-C) and 179.91 (s, CO): m inor product 18.80, 26.17, 28.41, 
29.55, 33.89, 35.79, 52.00; m/z 278(M + + 1), 277 (Af+), 180, 
165, 111 and 98 (100% ); (Found: M + 277.1684. C 1 6H 2 3 N O 3 
req u ires  277 .1678).
3-Phenylcadaverine (61)
U sin g  3 -p h e n y lc a d a v e r in e  (61 ) d ih y d ro c h io r id e  as th e
su b stra te , no 3 ',4 ,-d im e th o x y -2 '- [2 -(4 -p h e n y l)-p ip e rid y l]a c e to -  
phenone (93) was obtained. The product was iden tified  as 3- 
phenylcadaverine. umax (thin film ) 3500-3200 (b), 3020, 2930, 
2200-2100, 1575, 1490 and 1325 cm-1; 5h  (200 M Hz, CD CI3 )
1 .50-1.90 (5H, com plex), 2 .48-2 .74  (4H , com plex) and 7.00-
7.30 (5H, com plex); 5C (CDCI3 ) 39.88 (t, CH 2 CH 2 N), 40.35 (t, 
CH 2 N), 40.92 (d, CH Ph), 126.07 (d, A r-C ), 127.31 (d, A r-C), 
128.31 (d, Ar-C) and 144.55 <d, A r-C); m/z 148, 135, 91, 77 
and 30 (100%).
3 ',4 '-D im ethoxy-2 '-(2 -azacyclohep tanyl)acetophenone  (99) 
U sin g  h e x a n e -1 ,6 -d ia m in e  ( 6 6 ) d ih y d ro c h io r id e  as th e
s u b s t r a te ,  3 , , 4 '- d im e th o x y - 2 '- ( 2 - a z a c y c lo h e p ta n y l ) a c e to -  
phenone (99) was obtained as a yellow  oil (50% ); umax (thin 
film ) 2940, 2860, 2340, 2100, 1640, 1600, 1515 and 1270 c n r  
1; 5h (CDCI3 ) 1.20-1.80 (8 H, com plex), 1.96 (1H, br s), 2.50-3.20 
(5H, com plex), 3.85 (6 H, s), 6.85 (1H, d), 7.48 (1H, br s) and
7.58 (2H, d, w ith  fine sp litting); m/z 277 (M +), 180, 165
(100%) and 98.
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3 \4 '-D im e th o x y -2 '- [2 - (4 A -d im e th y l) -p ip e r id y l] a c e to p h e n o n e
(100)
U sing  3 ,3 -d im e th y lc a d a v e rin e  (58) d ih y d ro c h io rid e  as the 
s u b s t r a te ,  3 , ,4 ,- d im e th o x y - 2 '- [ 2 - ( 4 ,4 - d im e th y l ) - p ip e r id y l ] -  
ace to p h en o n e  ( 1 0 0 ) w as o b ta in ed  as a yellow  so lid  a fte r  
crysta llisa tion  from  acetone (51% ); m.p. 56-58 °C ; umax (K Br 
disc) 3600-3300, 2950, 2770, 2450, 2360, 2330, 1670, 1270, 
1170 and 1040 *cm-l; 5H (CDCI3 ) 1.05 (6 H, d), 1.30-2.00 (4H, 
com plex), 3 .00-3 .20  (2H, com plex), 3 .30-3 .80  (3H, com plex), 
3.89 (3H, s), 3.90 (3H, s), 6.75 (1H, d), 7.45 (1H, br. s), 7.56 (1H, 
d, with fine splitting) and 9.10 (1H, br s); m/z 291 (M +), 180, 
165, 137, 112 (100%) and 56; (Found: M + 291.1823. C 17H 2 5 O 3 N 
requires Af+ 29.1834).
3' ,4 '-D im ethoxy-2 '-(2 -[3 ,4-2H4]-pyrrolidyl)acetophenone (98) 
U sing [2 ,3 -2 H 4 ]-p u tre sc in e  d ih y d ro ch io rid e  as the su b stra te , 
3 , ,4 ,-d im e th o x y - 2 ,- ( 2 - [ 3 ,4 - 2 H 4 ] -p y r ro l id y l)a c e to p h e n o n e  (98) 
was obtained as a yellow  oil (52%); umax (thin film) 3600-3300, 
2940, 2850, 2360, 2340, 1670, 1630, 1600, 1510, 1210 and 
1050 cm-1; 5h  (600 MHz, CDCI3 ) 3.38 (2H, br s), 3.46 (1H, m), 
3.86 (1H, m), 3.88-3.94 (6 H, com plex m), 4.10 (1H, t), 6.80 (1H, 
d), 7.46 (1H, s) and 7.57 (1H, d, with fine splitting); 5c (CDCI3 )
39.87 (t, CH 2 CO), 44..78 (t, CH2 N), 56.03 (q, CH 3 O), 56.03 (d, 
CH N ), 109.97 (d, A r-C ), 123.18 (d, A r-C ), 128.99 (d, A r-C ), 
148.97 (d, Ar-C), 153.74 (d, Ar-C) and 195.61 (s, CO); m/z 254 
(M + + 1), 253 (M +), 252, 251, 180, 165, 137, 8 8  and 43 (100%); 
(Found: M + 253.1619. C 14H 1 5D4 O 3N requires M + 253.1616).
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Preparation of 1-Pvrroline (17)
Putrescine (1) d ihydrochioride (1.8 m m ol), a sm all am ount o f 
catalase (0.2 mg) and pea seedling diam ine oxidase (300 pi, ca. 
200 mg, enzym e activity 1200 units per mg) w ere added to 0.2 
M phosphate buffer (20 ml, pH 7). T he m ixture was incubated 
at 25 °C for 24 h. D iethyl e ther (10 ml) was added and the 
m ix ture was b asified  w ith  po tassium  carbonate . T he aqueous 
layer was extracted w ith pre-cooled  diethyl ether (3 x 20 ml) 
and the com bined organic extracts w ere cooled to 0 °C , dried 
(MgSCU), filte red  and used  im m ediate ly  to form  the  zinc 
com plex .
Note: The so lution m ust be kept below  5 °C to p reven t the 
cyclic im ine from  trim erising.
A ttem pted Preparation o f D i-iodo Zinc Com plex (961
The ethereal extracts containing the cyclic im ine w ere cooled to 
0 °C and the zinc iodide (0.574 g, 1 equiv.) was added with 
stirring. No precipitate was form ed after stirring for 2 h at 0 °C.
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The reaction was also carried out under the various conditions 
shown in the table below;
R eac tio n  S o lv e n t Temp. QC pH  
T im e
2 4 B u ffe r 2 5 7
1 B u ffe r 2 5 7
1 B u ffe r 5 7
1 B u f fe r /
E th e r
5 6
No precipitate was obtained using any o f the above conditions.
G eneral Procedure (J) for the form ation o f cyclic im ine trim ers
D iam ine dihydrochioride (0.525 g, 3 m m ol), a small am ount o f 
catalase (0.2 mg) and pea seedling diam ine oxidase (300 pi, ca. 
2 0 0  mg, enzym e activity 1 2 0 0  units per mg) were added to 0 . 2  
M phosphate buffer (30 ml, pH 7). The m ixture was incubated 
at 25 °C for 24 h. Ethyl acetate (20 ml) was added and the 
m ixture was basified  w ith po tassium  carbonate . T he aqueous 
lay er w as ex trac ted  w ith  ethyl ace ta te  (3 x 20 m l), d ried  
(M gS 0 4 ), f ilte red  and evapora ted  to dryness under reduced  
pressure to y ield  the product.
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a -Tripiperideine (140)
Using general procedure (J) and cadaverine (7) d ihydrochioride 
as the sub stra te , a - tr ip ip e r id e in e  (140) w as ob ta in ed  as a 
yellow oil, (62 %); umax (thin film) 2940, 2860, 2500, 1650 and 
1445 cm-1; 6h  (CDCI3 ) 1.10-2.20 (18H, com plex), 2.50-2.80 (3H, 
com plex), 3.00-3.30 (3H, com plex) and 3.50-3.90 (3H, com plex); 
m/z 250 (M + + 1), 249 (M +), 165 and 84 (100%).
Synthesis o f H om osperm idine and A nalogues
G eneral Procedure (G) for iV-Di-alkvlation o f Benzvlam ine (1051 
using  4 -B ro m o b u tan e n itr ile  (1041 or 5 -B ro m o -p en ta n e n itr ile  
( 106)8
To a m ix ture  o f  benzy lam ine  (105) (1 .37 g, 0 .0128 m ol), 
sodium  carbonate  (4.20 g, 0 .0396 m ol) and po tassium  iodide 
(0.77 g, 0.0046 mol) under a dry nitrogen atm osphere at 90 °C,
4 -b ro m o b u ta n e n itr ile  (104) (3 .7 9  g, 0 .0 2 5 6  m ol) o r 5-
b rom open tanen itrile  (106) (4.15 g, 0 .0256 m ol) in anhydrous 
n-butanol (12 ml) was added dropw ise. T he m ixture was left 
stirring at this tem perature overnight. The solution was cooled 
to room  tem perature and the solid was filtered  o ff and w ashed 
w ith  d iethy l ether. T he f iltra te  and  w ashings w ere ex tracted  
with 4 M hydrochloric acid (2 x 30 ml). The aqueous extracts 
w ere w ashed w ith  d ie thy l e ther (2 x 30 m l), b asified  w ith 
sodium  carbonate, and extracted with diethyl ether (3 x 50 ml). 
T h e  o rg an ic  e x tra c ts  w ere  d rie d  (N a 2 SC>4 ), f il te re d  and 
ev ap o ra ted  to  d ryness under red u ced  p ressu re  to  y ie ld  the 
p ro d u c t.
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N ,N -b is  (3-Cyanopropyl)benzylamine (141)
U sing  the m eth o d  d e sc rib ed  in g e n e ra l p ro c e d u re  (G ), 
b en zy lam in e  w as N -d i-a lk y la ted  using  4 -b ro m o b u ta n e n itr ile  
(104). N ,iV-& i\s(3-Cyanopropyl)benzylam ine (141) w as ob ta ined  
as a clear oil after distillation (62%); b.p. 170 °C at 1 mm Hg; 
Umax (thin film) 2950, 2820, 2250 (s), 1600 and 1495 cm-1; 
(CDCI3 ) 1.60-2.00 (4H, com plex), 2.35 (4H, t), 3.50 (2H, s) and 
7.27 (5H, s); m/z 242 (AT + 1), 241 (M +), 187, 91 (100%) and 
6 8 ; (Found: AT 241.1590. C 15H 19N 3  requires 241.1579).
N ,N -bis(4-C yanobuty l)benzylam ine  (142)
U sing  th e  m eth o d  d e sc rib e d  in  g e n e ra l p ro c e d u re  (G ), 
b en zy lam in e  w as A f-di-alkylated using  5 -b ro m o p en tan en itr ile  
(106). N ,N -£ /s(4 -C y an o b u ty l)b en zy lam in e  (142) was ob ta in ed  
as a clear oil (62% ); umax (thin film) 3040, 3030, 2940, 2250, 
1600, 1495, 1130 and 1030 cm-1; 5h  (CD CI3 ) 1.40-1.90 (8H, 
com plex), 2.10-2.60 (8H, com plex), 3.50 (2H, s) and 7.30 (5H, s); 
m/z 270 (M + + 1), 269 (AT), 201 and 91 (100%).
G eneral Procedure (H) for R eduction o f D initriles to D iam ines
bv C ataly tic  H ydrogenation8
The dinitrile  (2.07 mmol) was added to a suspension o f Adams' 
ca ta ly st (15% w /w ) in g lacia l acetic  ac id  (20 m l) and the 
m ixture was hydrogenated  at 1 atm osphere for ca. 18 h. The
ca ta ly st w as f ilte red  th rough  F lo ris il and  w ashed  w ell w ith
g lacia l acetic  acid  (30 m l). T he filtra te  and w ashings w ere
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ev ap o ra ted  to dryness under reduced  p ressu re  to y ie ld  the 
p ro d u c t.
N ,N -b is (4-Am inobutyl)benzylamine (143) triacetate
N ,N  Z ?is^-C yanopropy l)benzy lam ine (141) was reduced  using
g e n e ra l p ro c e d u re  (H ). A ,A -& /s(4 -A m in o b u ty l)b e n z y la m in e
(143) triacetate was obtained as a w hite crystalline solid (75%); 
Umax (KBr disc) 3600-3300, 2950, 2360, 2340, 1710 and 1015 
cm-1; 5h  (D 2 o )  1.80-2.20 (4H, com plex), 2.30 (6 H, s), 2 .70-J.00  
(2H, com plex), 3.05-3.50 (2H, com plex), 4.00 (2H, s) and 7.60 
(5H, s); m/z 252, 251, 160, 91 (100%) and 72.
N ,N -b is (5-Am inopentyl)benzylamine (144) triacetate  
A ,A -£ /s(4 -C y an o b u ty l)b en zy lam in e  (142) w as red u ced  using  
g en e ra l p ro c e d u re  (H ). A ,A -& /$ (5 -A m in o p en ty l)b en zy lam in e
(144) triacetate was obtained as a w hite crystalline solid (76%); 
Umax (KBr disc) 3550-3250, 2950, 2620, 2330, 1650 and 1450 
cm -1; 5 h  (D 2 O) 1 .15-2.00 (10H , com plex)^  2 .78-3 .25  (10H , 
com plex), 4.25 (2H, s) and 7.47 (5H, s); m/z 278 (M + + 1), 248, 
205, 191 and 91 (100%).
G eneral Procedure (I) for the Rem oval o f A -Benzyl G roups by 
C ata ly tic  T ransfer H y d ro g en a tio n 1 1 0
A m ix tu re  o f  A -benzyl d eriv a tiv e  (0 .72  m m ol), am m onium  
form ate (0.216 g, 3.43 mmol), 10% palladium  on charcoal (0.50 
g) and m ethanol (30 ml) was heated at reflux. The reaction was 
m o n ito red  by t.l.c . W hen the c leav ag e  w as co m p le te  the 
catalyst was filtered  through C elite and w ashed with m ethanol.
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T h e  f i l t r a te  and  w a sh in g s  w ere  c o m b in e d  and  conc . 
hydrochloric acid was added. The m ixture was then evaporated 
to  d ry n ess  u n d er red u c e d  p re ssu re  to  y ie ld  the  am ine 
h y d ro ch lo rid e . T his w as re c ry s ta llise d  using  95% aqueous 
ethanol and acetone.
Homo spermidine (5) trihydrochloride  7
T h e  N -b e n z y l g ro u p  w as c le a v e d  fro m  N ,A f-b is(4- 
a m in o b u ty l)b e n z y la m in e  (1 4 3 ) t r ia c e ta te  u s in g  g e n e ra l  
p ro c e d u re  (I). H o m o sp e rm id in e  (5) tr ih y d ro c h lo r id e  w as 
obtained as a w hite crystalline solid (60% ); m.p. >290 °C (lit.,7 
283-285 OQ; Umax (K Br disc) 3600-3300, 2950, 2800 and 2430 
cm-1; 5 H (200 MHz, EbO) 1.30-2.00 (8H, com plex) and 2.60-3.30 
(8H, com plex); 5c (D 2 O w ith dioxan as the reference at 67.4 
ppm ) 23.64 (t, CH 2 CH 2 CH 2 ), 24.77 (t, CH 2 CH 2 CH 2 ), 39.64 (t, 
CH2 N) and 47.72 (t, CH 2 N); m/z 158, 88, 43 and 35 (100%).
N ,N -b is (5-Aminopentyl)amine (10) trihydrochloride  
T h e N -benzy l g roup  o f  N ,A f-Z?/s(5-am inopentyl)benzylam ine
(144) triacetate  was cleaved  using general procedure (I). N,N- 
£ /s(5 -am in o p e n ty l)am in e  (10) tr ih y d ro ch lo rid e  w as o b ta in ed  
as a w hite crystalline solid  (60% ); m.p. 279-280 °C; umax (KBr 
disc) 3500-3300, 2940, 2800, 2540, 2450, 2400 and 1460 cm - 
1; 5H (200 M Hz, D2 O) 1.10-1,38 (6H, com plex), 1.40-1.65 (6H, 
com plex) and 2.75-2.91 (8H, com plex); 5c  (D 2 O w ith dioxan as 
the reference at 67.4 ppm ) 24.06 (t, CH 2 (C H 2 )2 N), 26.25 (t, 
CH2 CH 2N), 27.40 (t, CH2 CH 2 NHCH 2), 40.31 (t, CH2 NH 2 ) and 48.38 
(t, CH 2 N HCH 2  ); m/z 188 (M + + 1), 187 (M +), 171, 157, 98
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(100% ) and 30; (Found: M + 187.2061. C 1 0H 2 5 N 3 req u ires  
1 8 7 .2 0 4 8 ).
1 -Hydroxy m ethylpyrro liz id ine  (6)
M ethod 1
H om osperm idine (5) trihydroch lo ride  (0.10 g, 0.37 m m ol) was
incubated at 25 °C with pea seedling diam ine oxidase (500 pi, 
ca. 350 mg, enzym e activity  1200 units per mg) and catalase 
(0.02 mg) in 0.2 M phosphate buffer (2 ml, pH 7). A fter 2 d, the 
m ixture was basified  using 1 M sodium  hydroxide (10 ml) and 
ex tracted  w ith chloroform  (3 x 15 m l). T he organic extracts 
w ere com bined , d ried  (N a2 SC>4 ), f ilte red  and ev ap o ra ted  to 
d ryness to  y ie ld  an o il. T he p resu m ed  in te rm ed ia tes  w ere 
reduced  im m ediately  w ith sodium  borohydride  (0.22 g, 4.70 
mmol) in m ethanol ( 8  ml) at 0 °C for 2 h. 1 M H ydrochloric acid 
w as added to  quench the sodium  borohydride . The m ix ture  
was then evaporated to dryness under reduced  pressure and 1 
M sodium  hydroxide (15 ml) was added. The aqueous solution
w as ex trac ted  w ith ch loroform  (3 x 20 m l). T he com bined
- organic ex tracts w ere dried  (N a2 S0 4 ), filtered  and evaporated  
to dryness under reduced pressure to y ield  a com plex m ixture 
o f products.
M ethod 2
H om osperm idine (5) trihydroch loride (0.10 g, 0.37 m m ol) was
incubated as described in m ethod 1. A fter 2 d the m ixture was 
cooled to 0 °C and sodium  borohydride (0.70 g, 18.50 mmol)
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was added slowly with stirring. The m ixture was left stirring at 
0 °C for 2 h. 1 M Hydrochloric acid was again added to quench 
the sodium  borohydride  and the iso la tion  procedure  was the 
sam e as m ethod 1. The product (6 ) was obtained  as a yellow  
oil, (10% ); umax(thin film) 3680, 3010, 2960, 2400, 1620, 1260 
and 1220 cm _l; 5h  (CDCI3 ) 1.00-1.50 (4H, com plex), 1.50-2.10 
(5H, com plex) and 3.00-3.70 (5H, com plex); m/z 141 (M +), 110,
83, 58 and 43 (100%).
d ' (x ' c 0 -' zv
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Appendix 1
D eterm ination o f Protein C oncentration 
See experim ental section for m ethod.
Table 1 (a): Protein Concentration and Aass and A^?n Readings 
01
Protein lug) A465 A.620 A465/A620 -
A 4 6 5 /A 6 2 0
(b la n k )
5 0 0 .3 1 7 0 .9 7 1 2 .5 4
4 0 0 .3 6 6 0 . 8 8 6 1 .9 0
3 0 0 .4 7 6 0 .7 8 3 1 . 1 2
2 5 0 .5 1 2 0 .7 4 0 0 .9 2
2 0 0 .5 2 6 0 .6 2 3 0 . 6 6
15 0 .5 5 5 0 .6 3 8 0 .6 3
1 0 0 .6 0 6 0 .5 5 0 0 .3 9
5 0 .6 3 7 0 .4 7 9 0 .2 3
B lan k 0 .6 1 3 0 .3 2 0 0.00
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A ppendix 1 (contd.)
D eterm ination o f Protein C oncentration
Table 1 (b): Protein Concentration and A4 6 5  and A^to Readings 
(21
Protein (ug) A 4 6 5  A 620 A 4 6 5 /A 6 2 0  -
A465.AA.620
(b la n k )
5 0 0 .4 2 4 1 .0 0 3 1 .8 0
4 0 0 .4 4 5 0 .9 2 0 1 .5 0
3 0 0 .4 6 3 0 .8 6 8 1.31
2 5 0 .4 9 0 0 .7 8 2 1 .03
2 0 0 .5 0 4 0 .7 3 7 0 .9 0
15 0 .5 8 9 0 .6 6 2 0 .5 6
1 0 0 .5 9 8 0 .5 7 8 0 .4 0
5 0 .6 8 2 0 .4 8 6 0 .2 3
B lan k 0 .6 8 1 0 .3 8 4 0.00
188
Appendix 1 (contd.)
D eterm ination o f Protein C oncentraion
Table 1 (cl: Average Readings from Table 1 (a) and Table 1 (c)
Protein (ug) A465/A620 -
A465/A620 (b lank)
5 0  2 .1 7
4 0  1 .7 0
3 0  1 .2 2
2 5  0 .9 8
2 0  0 .7 8
15 0 .6 0
1 0  0 .4 0
5 0 .2 3
B lan k 0.00
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G raph 1A |  Absorbance Ratio against Protein Concentration (ug)
Absorbance
Ratio
1.2 -
0.0
20 50
Protein  Concentration (ug)
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Appendix 2
D eterm ination o f the Extinction Coefficent for the Assay System
A ssay : 2500 pi Phosphate buffer pH 6.3
170 pi DMAB
100 pi MBTH
50 pi P e ro x id a se
50 pi Pea seedling DAO (psDAO)
300 pi P u trescine  (vary ing  concen tra tion )
Concentration x 10^-m M  A b so rb a n c e
2 .2 0  0 .0 6
4 .3 6  0 .1 3
4 .3 9  0 .1 3
6 .4 8  0 .1 7
8 .5 6  0 .2 3
8 .7 0  0 .2 4
1 2 .6 3  0 .3 3
1 2 .9 5  0 .3 6
1 6 .5 6  0 .4 3
1 7 .1 2  0 .4 7
£  = Ale path length, 1 = 1
From the slope o f Graph 2A £  = 2.6335 x 104-
Graph 2A |  Absorbance against Concentration
Absorbance
0.5-
0.4-
0.3-
0.2 -
0.1 -
0.0
8 12 160 4 20
Concentration x Iff
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Appendix 3
S p ec tro p h o to m etric  A ssay
Calculation o f Results
For Example: Cadaverine as substrate with pea seedling DAO
2500 pi Phosphate buffer pH 6.3
170 pi DMAB
100 pi MBTH
50 pi P e ro x id a se
25 pi Pea seedling DAO (psDAO)
300 pi C adaverine  (vary ing
c o n c e n tra tio n )
See experim ental section for m ore details o f  the method.
Appendix 3 (contd.l 
S p ec tro p h o to m etric  A ssay 
Calculation o f  Results
Table 3 (a): Substrate C oncentration and Rate Readings
S u b s tr a te  R a te  R ate  (u m o l/m g /h r)
C oncentration  (m M ) (abs/sec x 10~31
0 .9 5 9 .2 3 2 1 3 0
0 .7 2 9 .2 8 2 1 3 6
0 .4 8 7 .5 0 1 7 2 6
0 .2 4 5 .9 5 1 3 7 1
0 .1 9 4 .7 2 1 0 8 9
0 .1 4 4 .2 8 9 8 5
0 .1 0 3 .21 7 4 0
0 .0 7 2 .7 8 6 4 3
0 .0 5 1 .78 4 1 0
C onversion o f R ate from  abs/sec to um ol/m g/hr
Using the extinction Coefficient (£  = 2.6335 x 104) the units o f 
rate can be converted from  abs/sec to pm ol/m g/hr.
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A ppendix 3 (contd.i 
S p ec tro p h o to m etric  A ssay 
C alculation o f Results
Table 3 (bV. Results from  Linew eaver Burk and Eadie H ofstee 
P lo ts
L inew eaver B urk  Eadie H ofstee
P lo t P lo t
Km (mM) 0 .2 8 0 .2 5
(p m o l/m g /h r) 2 8 5 8 2 7 2 9
Appendix 4
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Determination of the Rates of Reaction and K|^ Values Using the
Dissolved Oxygen Meter (Cb Electrode)
For Example: Cadaverine as substrate w ith pea seedling DAO 
Reaction tem perature 25 °C
See experim ental section for m ore details o f  the m ethod.
The reaction vessel contained:
3500 j L i l  Phosphate buffer pH  6.3
50 j l i I  C atalase (0.34 m g/m l)
50 pi Pea seedling DAO (varying concentrations)
500 pi C adaverine  (vary ing  concen tra tions)
Appendix 4 (contd.)
D eterm ination of the Rates o f Reaction and K m  Values Using the
dissolved Oxygen M eter (Q?_Electrode)
Table 4 fal 
Reaction 1:
Subst. Cone. 1.83 mM  
Enzyme Cone. 1.90 x 10-2 mg 
T im e (sec)
0 
5 
10 
15 
20
2 5  ..
3 0  
3 5  
4 0  
4 5  
5 0  
5 5  
6 0
Reaction 2:
Subst. Cone. 1.10 mM 
Enzyme Cone. 1.90 x 10-2 mg 
O xygen (mg/11
7 .8  
7 .5  
7 .2
6.8
6 .4  
6.1
5 .7
5 .4  
5 .0
4 .7
4 .4
O xygen (mg/11 T im e (sec) 
9 .2  0
8 .9  5
8 .5  1 0
8.0 15
7 .6  2 0
7 .1  2 5
6 .7  3 0
6 .2  3 5
5 .8  4 0
5 .4  4 5
5.1 5 0
4 .8
4 .5
Rate 1:
1990 p m ol/m g/hr
Rate 2:
1690 pmol/mg/hr
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Appendix 4 (contd.l
D eterm ination o f the Rates o f Reaction and K m  Values Using the 
Dissolved Oxygen M eter (O? Electrode)
Table 4 (bl 
Reaction 3:
Subst. Cone. 0.55 mM  
Enzyme Cone. 1.90 x 10~2 mg 
Tim e (sec)
0 
5 
10 
15 
20  
2 5  
3 0  
3 5  
4 0  
4 5  
5 0
Reaction 4:
Subst. Cone. 0.37 mM  
Enzyme Cone. 1.90 x 10-2 mg 
O xygen (mg/1)
8 .7
8 .5  
8.1
7 .8
7 .5
7 .2
6.8
6 .5
6 .3  
6.0 
5 .8
O xygen (mg/1) T im e (sec) 
7 .9  0
7 .7  5
7 .2  1 0
6 .8  15
6 .4  2 0
6.1 2 5
5 .6  3 0
5 .2  3 5
4 .9  4 0
4 .5  4 5
4 .2  5 0
Rate 3:
1862 pm ol/m g/hr
Rate 4
1464pmol/mg/hr
200
Appendix 4 (contd.)
Determination of the Rates of Reaction and Values Using the
Dissolved Oxygen Meter (Cb Electrode)
Table 4 (c)
Reaction 5: Reaction 6:
Subst. Cone. 0.26 mM Subst. Cone. 0.11 mM
Enzyme Cone. 1.90 x 10-2 mg Enzyme Cone. 3.80 x 10'2 mg
Tim e (sec) O xygen. (mg/1) T im e (sec) O xvgen (mg/1)
0 8 .9 0 8 .6
5 8 .7 5 8 .4
1 0 8 .4 1 0 8.1
15 8.1 15 7 .8
2 0 7 .8 2 0 7 .6
2 5 7 .6 2 5 7 .4
3 0 7 .3 3 0 7 .3
3 5 7.1 3 5 7.1
4 0 6 .9
4 5 6 .7
5 0 6 .5
5 5 6 .4
6 0 6 .2
Rate 5:
1192 pm ol/m g/hr
Rate 6
529 p mol/mg/hr
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Appendix 4 (contd.)
Determination of the Rates of Reaction and Km Values Using the
Dissolved Oxygen Meter (Cb Electrode)
Table 4 (d)
Reaction 7:
Subst. Cone. 0.09 mM 
Enzyme Cone. 3.80 x 10’2 mg
Tim e (seel O xygen (mg/1)
0 8 .8
5 8 .6
1 0 8 .4
15 8 .2
2 0 8 .0
2 5 7 .8
3 0 7 .6
3 5 7 .5
Rate 7:
465 |um ol/m g/hr
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2 0 4
D eterm ination of the Rates o f Reaction and K m  Values Using the 
D issolved Oxygen M eter (O? Electrode)
Table 4 (e): Results from Linew eaver Burk and Eadie H ofstee 
P lo ts
L inew eaver B urk  Eadie H ofstee 
P lo t P lo t
Km (mM ) 0 .4 7
Vmax (p m o l / m g / h r )  2 9 8 4
0 .3 1
2 4 1 3
2 0 5
Appendix 5
Inhibition o f D iam ine O xidase
Calculation o f Results
F or Exam ple: C adaverine as substrate . 3 .3 -d im ethv lcadaverine 
as com petitive inh ib ito r w ith pea seedling diam ine oxidase
A ssay : 2500 pi Phosphate buffer pH 6.3
170 pi DMAB
100 pi MBTH
50 pi P e ro x id a se
25 pi Pea seedling DAO (psDAO)
300 pi C adaverine  (vary ing
c o n c e n tra tio n )
100 pi 3 ,3 -D in ie th y lc a d a v e r in e
( In h ib i to r )
See experim ental section for m ore details o f the method.
Appendix 5 (contd.)
2 0 6
Inhibition o f D iam ine O xidase
Table5 (a) Substrate C oncentration and Rate Readings 
with Inhibitor C oncentration o f 0 m M
S u b s tr a te R a te R ate
C oncentration  (m M ) (abs/sec x 10^2)
0 .9 5 1 0 .6 4 1 9 7 0
0 .5 7 10 .01 1 8 1 2
0 .3 8 9 .0 1 1 6 3 0
0 .1 9 6 .4 3 1 1 6 3
0 .1 4 5 .7 1 1 0 3 4
0 .1 0 4 .5 3 8 2 0
0 .0 8 3 .6 6 6 6 3
0 .0 6 2 .9 5 5 3 4
0 .0 4 2 .0 0 3 6 2
2 0 7
Appendix 5 (contd.)
Inhibition o f D iam ine O xidase
Table5 (b) Substrate C oncentration and Rate Readings 
with Inhibitor C oncentration o f 1 mM
S u b s tr a te  R a te  R ate  (u m ol/m g/hr)
C oncentration  (m M ) (abs/sec x 1 0 ^ 1
1 .88 8 .3 2 1 5 5 4
0 .9 4 6 .9 3 1 2 9 5
0 .7 5 6 .6 6 1 2 4 4
0 .5 6 6 .6 6 1 2 4 4
0 .3 8 5 .3 7 1 0 0 3
0 .1 9 3 .5 0 6 5 4
0 .0 9 2 .6 8 3 8 8
0 .0 5 1 .05 1 9 7
0 .0 4 0 .8 4 1 5 7
Appendix 5 (contd.) 
*»
2 0 8
Inhibition o f D iam ine O xidase
Table5 (c) Substrate C oncentration and Rate Readings 
with Inhibitor C oncentration o f 2 mM
S u b s tr a te  R a te  R ate  (u m ol/m g/h r)
C oncen tration  (m M ) (abs/sec x 1 0 ^ )
2 .7 7 7 .8 5 1 4 6 6
1 .8 9 6 .4 3 1 2 0 0
1 .5 4 6 .7 9 1 2 6 9
0 .9 2 5 .0 0 9 3 4
0 .7 4 5 .0 0 9 3 4
0 .3 7 3 .6 3 6 7 9
0 .2 6 2 .8 2 5 2 6
0 .1 8 2 .2 1 4 1 3
0 .0 9 1 .2 9 2 4 1
Appendix 5 (contd.)
2 0 9
Inhibition o f D iam ine O xidase
Table5 (dl Substrate C oncentration and R ate Readings 
w ith Inhibitor C oncentration o f 4 mM
S u b s tr a te
C oncentration  (mM) 
2 .7 7  
1 .85  
0 .9 2  
0 .5 5  
0 .3 7  
0 .2 8  
0 .1 8  
0 .0 9
R ate
(abs/sec x 1 0 ^ 1
5 .0 0
5 .0 0  
4 .2 4  
3 .1 9  
2 .3 7  
1 .7 4
1 .3 4
0 .7 4
R ate  (u m ol/m g/h r)
9 3 4
9 3 4
7 9 2
5 9 5
4 4 3
3 2 5
2 5 1
1 3 8
2 1 0
Graph 5A Inhibition Studies
1/V xlO
[I] =  4 mM
[I] =  2 mM
[I] =  1 mM
|T| = 0 mM
211
R e fe re n c e s
1. D. H. Crout and M. Christen, in Modern Synthetic Methods,
(ed. R. Scheffold), Springer Verlag, 1989, Vol 5; S. Butt and S.
M. Roberts, Nat. Prod. Rep., 1986, 3, 489.
2. J. M. Hill, Methods in Enzymology, 1971, 17B, 730.
3. J. M. Hill and P. J. G. Mann, in Recent Aspects o f  Nitrogen 
Metabolism in Plants (eds. E. J. H ew itt and C. V. Cutting), 
Academic Press, London, 1989, 149-161; J. M. Hill, J. Exp. Bot., 
1973, 24, 525-536.
4. C. L. Lobenstein, J. A. Jongejan, J. Frank and J. A. Duine, FEBS 
Lett., 1984, 170, 305-309.
5. D. W alters, Biologist, 1987, 34, 73.
6. H. A. Khan and D. J. Robins, J. Chem. Soc., Perkin Trans. I, 
1985, 819.
7. R. Kuttan, A. N. Radhakrishnan, T. Spande and B. W itkop, 
Biochemistry, 1971, 10, 361.
8. R. J. Bergeron, P. S. Burton, K. A. M cGovern and S. J. Kline, 
Synthesis, 1981, 732-733.
9. D. J. Robins, J. Chem. Soc., Chem. Commun., 1982, 1289.
10. J. C. Richards and I. D. Spenser, J. Am. Chem. Soc., 1978,
100, 7402; A. R. Battersby, J. Staunton and M. C. Summers, J. 
Chem. Soc., Chem. Commun., 1974, 548; A. R. Battersby, P. W. 
Sheldrake, J. Staunton and D. C. W illiam s, J. Chem. Soc., Perkin 
Trans. 1, 1976, 1056; A. R. Battersby, J. Staunton, M. C.
Summers and R. Southgate, J. Chem. Soc., Perkin Trans. I, 1979, 
45; H. J. Gerdes and E. Leistner, Phytochemistry, 1979, 18, 771.
11. E. Santaniello, A. Manzocchi, P. A. Biondi, C. Secchi and T. 
Simonic, J. Chem. Soc., Chem. Commun., 1984, 803.
212
12. R. B. Frydman, O. Ruiz, M. Kreisel and U. Bachrach, FEBS 
Lett., 1987, 219, 380.
13. S. K. Ner, Unpublished work.
14. P. Stoner, Agents and Actions, 1985, 17, 5.
15. J. E. Cragg and R. B. Herbert, J. Chem. Soc., Perkin Trans. I, 
1982, 2487.
16. R. H. Kenten and P. J. G. Mann, Biochem. J., 1952, 50, 360.
17. H. Tabor, J. Biol. Chem., 1951, 188, 125.
18. H. Y anagisawa, E. H irasaw a and Y. Suzuki, Phytochemistry, 
1981, 20 ,^2 1 0 5 .
19. P. J. G. Mann, Biochem. J., 1961, 79, 623.
20. P. J. G. Mann and J. M. Hill, Biochem. J'., 1962, 85, 198.
21. G. Felsenfeld and M. P. Printz, J. Am. Chem. Soc., 1959, 81, 
6 2 5 9 .
22. A. Finazzi-Agro, A. Rinaldi, G. Floris and G. Rotilio, FEBS 
Lett., 1984, 176, 378.
23. K. P. S. Yadav and P. F. Knowles, Eur. J. Biochem., 1981, 114, 
13 9 .
24. S. Suzuki, T. Sakurai, A. Nakahara, T. M anabe and T. 
O kuyam a, Biochemistry, 1986, 25, 338.
25. L. M orpurgo, E. Agostinelli, J. M uccigrosso, F. M artini, B. 
M ondovi and L. A vigliano, Biochem. J., 1989, 260, 19.
26. D. M. Dooley, M. A. McGuirl, D. E. Brown, P. N. Turowski, W.
S. M clntire and P. F. Knowles, Nature, 1991, 349, 262.
27. H. Yamada and K. T. Yasunobu, Biochem. Biophys. Res. 
Commun., 1962, 8, 387.
28. A. N. Davison, Biochem. J., 1956, 64, 546.
29. R. K apeller-A lder, Biochem. J., 1949, 44, 70.
30. E. V. G oryachenkova, Biokhimiya, 1956, 21, 247.
2 1 3
31. M. M. Chauduri and B. Ghosh, Phytochemistry, 1984, 23,
2 4 1 .
32. M. Ameyama, M. Hayashi, K. M atsushita, E. Shinagawa and 
O. Adachi, Agric. Biol. Chem., 1984, 48, 561.
33. J. G. Hauge, J. Biol. Chem., 1964, 239, 3630.
34. C. Anthony and L. J. Zatm an, Biochem. J., 1967, 104, 953.
35. J. A. Duine, J. Frank and J. W esterling, Biochim. Biophys.
A cta , 1978, 524, 277.
36. S. A. Salisbury, J. S. Forrest, W. B. T. Cruse and O. Kennard, 
Nature , 1979, 280, 843.
37. J. A. Duine, J. Frank and J. K. van Zeeland, FEBS Lett., 1979, 
108, 443.
38. R. A. van der Meer, P. D. van W assenaar, J. H. van 
Brouw ershaven and J. A. Duine, Biochem. Biophys. Res. 
Commun., 1989, 159, 726.
39. R. A. van der M eer, J. A. Jongejan, J. Frank, jzn  and J. A. 
Duine, FEBS Lett., 1986, 206, 111.
40. Z. Glatz, J. Kovar, L. M acholan and P. Pec, Biochem. J., 1987,
242, 603.
41. R. S. Moog, M. A. McGuirl, C. E. Cote and D. M. Dooley, Proc. 
Natl. Acad. Sci. USA, 1986, 83, 8435; P. F. Knowles, K. B.
Pondeya, F. X. Ruis, C. M. Spencer, R. S. Moog, M. A. McGuirl and 
D. M. Dooley, Biochem. J., 1987, 241, 603; P. R. W illiamson, R. S. 
Moog, D. M. Dooley and H. M. Kagan, J. Biol. Chem., 1986, 261, 
1 6 3 0 2 .
42. G. Citro, A. Verdina, R. Galati, G. Floris, S. Sabatini and A. 
Finazzi-A gro, FEBS Lett, 1989, 247, 201
43. P. M. Gallop, M. A. Paz, R. Fluckiger and H. M. Kagan, Trends 
Biochem. Sci., 1989, 14, 343.
2 1 4
44. J. A. Duine, Trends Biochem. Sci., 1990, 15, 96.
45. J. A. Duine, J. Frank and J. A. Jongejan, Adv. Enzymol., 1987,
59, 170.
46. W. C. Kenny and W. M clntire, Biochemistry, 1983, 22, 3858.
47. H. S. Forrest, S. A. Salisbury and C. G. Kilty, Biochem.
Biophys. Res. Commun., 1980, 97, 248.
48. R. H. Dekker, J. A. Duine, J. Frank, E. J. Verweil and J. 
W esterling, Eur. J. Biochem ., 1982, 125, 69.
49. P. R. Sleath, J. B. Noar, G. A. Eberlein and T. C. Bruice, J. Am.
Chem. Soc., 1985, 107, 3328.
50. C. E. Taylor, R. S. Taylor, C. Rasmussen and P. F. Knowles, 
Biochem. 7., 1972, 130, 713.
51. F. X. Ruis, P. F. Knowles and G. Pettersson, Biochem. 7 ,  1984, 
220, 767.
52. N. Lovenberg and M. A. Beaven, Biochim. Biophys. Acta , 
1971, 251, 452.
53. M. F. Fam um  and J. P. Klinman, Biochemistry, 1986, 25, 
6 0 2 8 .
54. M. F. Fam um , M. Palcic and J. P. K linm an, Biochemistry,
1986, 25, 1898.
55. F. M. D. Vellieux, F. Huitema, H. Groendijk, K. H. Kalk, J.
Frank, J. A. Jongejan, J. A. Duine, K. Petratos, J. Drenth and W. G. 
J. Hoi. EMBO 7 ,  1989, 8, 2171.
56. R. A. van der M eer, J. A. Jongejan and J. A. Duine, FEBS Lett.,
1987, 221, 299.
57. N. Ito, S. E. V. Phillips, C. Stevens, Z. B. Ogel, M. J. McPherson, 
J. N. Keen, K. D. S. Yadav and P. F. Knowles, Nature, 1991, 350,
87 .
2 1 5
58. R. A. van der Meer, J. A. Jongejan and J. A. Duine, J. Biol. 
Chem., 1989, 264, 7792.
59. S. M. Janes, D. Mu, D. Wemmer, A. J. Smith, S. Kaur, D. 
M altby, A. L. Burlingam e and J. P. Klinman, Science, 1990, 248, 
9 8 1 .
60. D. G. Graham, S. M. Tiffany, W. R. Bell Jr. and W. F.
G utknecht, Mol. Pharmacol., 1978, 14, 644.
61. A. J. Thom son, Nature, 1991, 350, 22
62. J. M. Hill and P. J. G. Mann, Biochem. J., 1964, 91, 171.
63. T. A. Sm ith, Phytochemistry, 1972, 11, 899.
64. B. H olm stedt and R. Tham, Acta Physiol. Scand., 1959, 45, 
152 .
65. B. Holm stedt, L. Larsson and R. Tham , Biochim. Biophys. 
Acta, 1961, 48, 182.
66. S. Sakamoto and K. Sam ejim a, Chem. Pharm. Bull., 1979, 
27(9), 2220.
67. B. I. Naik, R. G. Goswami and S. K. Srivastava, Anal.
Biochem., 1981, 111, 146.
68. H. Booth and B. C. Saunders, J. Chem. Soc., 1956, 940.
69. T. A. Sm ith, Phytochemistry, 1974, 13, 1075.
70. A. Cooper, A. M. Equi, S. K. Ner, A. B. W atson and D. J. 
R obins, Tetrahedron Lett., 1989, 30, 5167.
71. A. M. Equi, A. M. Brown, A. Cooper, S. K. Ner, A. B. Watson 
and D. J. Robins, Tetrahedron, 1991, 47, 507.
72. P. J. G. Mann, Biochem. J. 1955, 59, 609.
73. E. W erle, I. Trautschold and D. Aures, Hoppe-Seyl. Z., 1961, 
326, 200.
74. L. M acholan, Enzymologia, 1972, 42, 303.
2 1 6
75. J. E. Cragg, R. B. H erbert and M. M. Kgaphola, Tetrahedron 
Lett., 1990, 31, 6907.
76. M. Corda, M. R. Dessi and G. Floris, Physiol. Chem. Phys.
Med. NMR , 1988, 20, 37.
77. C. W. Tabor and H. Tabor, Ann. Rev. Biochem ., 1984, 53,
7 4 9 .
78. T. Bieganski, C. R. Ganellin, J. Kusche and C. Maslinski, Eur. J. 
Med. Chem.-Chim. Ther., 1985, 20, 433.
79. P. Pec and E. Hlidkova, UPOL, Fac. Rep. Nat. Chemica XXVII, 
1988, 91, 227.
80. H. Tamura, K. Horiike, H. Fukuda and T. W atanabe, J.
Biochem ., 1989, 105, 299.
81. E. Karvonen, Biochem. Pharmacol., 1987, 36, 2863.
82. A. R. Battersby, R. M urphy and M. C. Summers, J. Chem. Soc., 
Perkin Trans. /, 1979, 45.
83. A. R. Battersby, M. Nicoletti, J. Staunton and R. Vleggaar, J. 
Chem. Soc. Perkin Trans. /, 1980, 43.
84. A. R. Battersby, J. Staunton and J. T ippett, J. Chem. Soc. 
Perkin Trans. /, 1982, 455.
85. E. Santaniello, A. M anzocchi, P. A. Biondi and T. Simonic, 
Experientia, 1982, 38, 782.
86. J. V. Braun and F. Jostes, Chem. Ber., 1926, 59, 1091.
87. R. B. Herbert, F. B. Jackson and I. T. Nicolson, J. Chem. Soc. 
Chem. Commun., 1976, 450.
88. J. J. Sedm ak and S. E. Grossberg, Anal. Biochem ., 1977, 79, 
5 4 4 .
89. U. K. Laem mli, Nature, 1970, 227, 680.
90. I. B. H olbrook and A. G. Leaver, Anal. Biochem ., 1976, 75, 
6 3 4 .
2 1 7
91. L. M ichaelis and M. L. M enten, Biochem. Z, 1913, 49, 333.
92. H. Linew eaver and D. Burk, J. Am. Chem. Soc., 1934, 56,
6 5 8 .
93. G. S. Eadie, J. Biol. Chem., 1942, 146, 85.
94. B. H. J. Hofstee, Nature, Lond., 1959, 184, 1296.
95. F. Feth, V. Wray and K. G. W agner, Phytochemistry, 1985,
24, 1653.
96. D. 0 .  Alonso Garrido, G. Buldain and B. Frydman, J. Org.
Chem., 1984, 49, 2021.
97. E. Fabiano, B. T. Golding and M. M. Sadeghi, Synthesis, 1987, 
190 .
98. A. M. Brown, PhD. Thesis, Glasgow, 1989.
99. D. F. DeTar and N. P. Luthra, J. Am. Chem. Soc., 1980, 102, 
4 5 0 5
100. C. Galli, G. Illum inati, L. M andolini and Tamborra, J. Am. 
Chem. Soc., 1977, 99, 2591.
101. A. M. Equi, A. Cooper and D. J. Robins, submitted for 
publication, J. Chem. Res., 1991.
102. A. A. Denholm, PhD. Thesis, Glasgow, 1990.
103. E. E. van Tamelen and R. L. Foltz, J. Am. Chem. Soc., 1969, 
91, 7372.
104. K. K indler and D. M atthies, Chem. Ber., 1963, 96, 924.
105. M. M ure, S. Itoh and Y. Ohshiro, Chem. Lett., 1989, 1491.
106. H. Poisel, Monatsh. Chem., 1975, 109, 925.
107. G. Baxter, J. M elville and D. J. Robins, Synlett, 1991, 359.
108. A. B. W atson, PhD. Thesis, Glasgow, 1991.
109. D. J. Robins, Nat. Prod. Rep., 1984, 1, 235; 1985, 2, 213; 
1986, 3, 297; 1987, 4, 577, 1989, 6, 221; 1989, 6, 577; 1990, 7, 
377; 1991, 8, 213.
2 1 8
110. T. Bieg and W. Szeja, Synthesis, 1985, 76.
111. D. D. Perrin, W. L. F. Armarego and D. R. Perrin 
"Purification o f Laboratory Chem icals", 2nd Edition, Perm agon 
Press, Oxford, 1980.
112. "Analar" Standards for Laboratory Chem icals, 8th Edition, 
p 3 7 2
113. K. Kratzl and G. E. M iksche, Monatsh. Chem., 1963, 94, 434.
